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Abstract 
 
 
Sex determination in papaya is regulated by a pair of recently evolved sex chromosomes. 
Genomic and genetic studies over the past century have made significant achievements 
towards the understanding of the sex determination system in papaya. However, the 
epigenetic aspects of sex determination and sex chromosome evolution in papaya have not 
yet been studied. To fill this gap, we analyzed the small non-coding RNAs (sRNA) and DNA 
methylation in different papaya sex types.  
Endogenous small RNA molecules of ~18-30 nucleotides play an important role in 
regulating gene expression and genome defense. Using large scale sequencing reads, we 
analyzed sRNA biogenesis and function in papaya. The sRNAs are processed from an RNA 
duplex by the RNase III enzyme dicer. Since the sRNA duplex is formed by Watson-Crick 
base pairing, equal proportion of purine-rich and pyrimidine-rich sequences are expected 
in the endogenous sRNA population. However, the endogenous sRNA population in papaya 
was biased towards the purine-rich sequences. Approximately 75% of the total sRNA 
population was represented by purine-rich sequences, while only ~25% of the sRNA 
sequences were pyrimidine-rich. Of the two purine bases, guanine was more prevalent in 
shorter sequences (22 and below) and adenine was more prevalent in the longer sequences 
(23 and above). Analysis of purine/pyrimidine distribution in the sRNA dataset from six 
other plant species (Arabidopsis thaliana, Populus trichocarpa, Medicago truncatula, Arachis 
hypogea, Glycine max, and Phaseolus vulgaris) provided similar results, indicating that the 
cell contains mechanisms to select the purine-rich strands from the sRNA duplex.  
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The sRNA population in the cell was mostly represented by single copy sequences 
(~85% of the unique reads represented by a single copy sequences). Most of the single 
copy sequences were mapped to the overlapping regions of the genome, suggesting that 
they are processed from a single transcript by imprecise dicer processing. Only a small 
portion of the libraries was represented by multi-copy sequences.  
Using the sRNA reads mapped to the pericentromeric regions, we identified the 
location of the centromere on the papaya sex chromosomes. We observed the gradual 
increase in sRNA loci adjacent to the gaps on the sex chromosome physical maps, similar to 
the pattern observed in pericentromeric regions of other plant species. The sRNA 
molecules that aligned in the putative pericentromeric regions were highly conserved 
between the two chromosomes, providing the further evidence for the centromeric 
position on the sex chromosomes. The identified centromeric positions on the X and Y 
chromosomes are located about 1.6 mb apart relative to each other. Several 
intrachromosomal inversions on the papaya Y chromosome have been identified before. 
Our results show that the first inversion included the centromere on the Y chromosome, 
moving the centromere in reference to the centromere on the X chromosome. 
We identified 81 miRNAs in papaya using the sRNA deep sequencing reads. We 
observed the higher accumulation of antisense miRNA (miRNA*) strands of some miRNAs 
in virus infected leaves of papaya, suggesting that the miRNA* strands play functional role 
in stressed condition. Expression analysis identified the 12 miRNAs differentially 
expressed in the flowers of different sex types. The miRNAs that were expressed higher in 
male flowers were implicated in regulating the auxin signaling pathways. The miRNAs 
 
 
iv 
expressed higher in female flowers were those involved in regulating the embryo 
development and apical meristem identity. 
Using methylated DNA immunoprecipitation followed by sequencing (MeDIP-seq), 
we analyzed the genome-wide DNA methylation in papaya. Higher methylation was 
observed in intergenic regions than in genic regions. We identified a total of 4,096 sex 
specific methylation sites on the papaya draft genome. Of these, 1,555 were specific to 
hermaphrodite, 1,399 were specific to male, and 1,145 were specific to female flowers. 
Comparing the methylation status of the papaya Y chromosomes showed the higher 
methylation of hermaphrodite specific region of Yh chromosome (HSY) than the male 
specific region of the Y chromosome (MSY). The HSY specific methylations were clustered 
in some locations of the chromosome compared to MSY specific methylation. The X 
chromosome showed higher methylation in female plants than in male and hermaphrodite 
plants, suggesting that the X chromosome is silenced in female plants. The distribution of 
female specific methylation sites on the X chromosome showed a similar pattern to the 
distribution of the X specific genes. We found five X specific genes methylated only in the 
female plants but the female specific methylation was not observed on the XY paired genes. 
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CHAPTER 1 
 
Sex determination in flowering plants: papaya as a model 
system 
 
Abstract 
Dioecy in flowering plants is evolved from a hermaphrodite ancestor. Transition from 
hermaphrodite to unisexual flowers has occurred multiple times across the different 
lineages of the angiosperms. Dioecy in plants is regulated on the physiological level by 
different phytohormones, on the epigenetic level by small RNAs and DNA methylation, and 
on the genetic level by sex determining genes. The most specialized mechanism of sex 
determination is sex chromosomes. The sex chromosomes ensure the stable segregation of 
sexual phenotypes by preventing the recombination of sex determining genes. Despite the 
continuous efforts of many researchers, sex determining genes of dioecious plants have not 
yet been cloned. Concerted efforts on various model systems are necessary to understand 
the complex mechanism of sex determination in plants. Papaya is a tropical fruit tree with 3 
sex forms, male, hermaphrodite, and female. Sexuality in papaya is determined by an XY 
chromosome system that is in an early evolutionary stage.  The male and hermaphrodite 
characteristics of papaya are controlled by two different types of Y chromosomes: Y and Yh. 
Vast amounts of information in the area of genetic, genomic, and epigenetic studies in 
papaya have accumulated over the last few decades. The wealth of these available 
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resources makes papaya an excellent model system to study the sex determining 
mechanisms in plants.  
 
Background 
Sexual reproduction has an evolutionary advantage over asexual reproduction. 
Recombining the genetic constituents of different individuals during meiosis and 
fertilization produces the diversity in a population. In self fertilizing individuals, slightly 
harmful mutations accumulate over time and reduce the fitness of individuals (Wright et 
al., 2008). Plants have evolved several mechanisms to ensure cross fertilization between 
individuals (Barrett, 2002). Of these, the most efficient mechanism is producing male and 
female sex organs in different flowers (monoecy) or even more so, in different plants 
(dioecy). About 5% of the flowering plants are monoecious with different male and female 
flowers on the same plant and about 6% are dioecious with separate male and female 
individuals (Renner and Ricklefs, 1995; Charlesworth, 2002; Torices et al., 2011).   
Genetic control of flower development is one of the most extensively studied areas 
in plant developmental biology. The ABC model of flower development elegantly explains 
the genetic network regulating the individual whorls in a bisexual flower (Coen and 
Meyerowitz, 1991; Weigel and Meyerowitz, 1994). However, each class of gene in the ABC 
model regulates the development of two consecutive whorls, therefore the development of 
unisexual flowers cannot be explained by the ABC model alone. Intensive studies on 
complex floral gene networks and flower developmental pathways are necessary to 
understand the evolution of unisexual flowers from their bisexual ancestor. Significant 
achievements have been made over the past century to understand the mechanisms of sex 
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differentiation and evolution of dioecy in various plant systems. Here we review the recent 
advances in the understanding of sex determination from different plant systems. We 
further review the achievements made in a trioecious tropical plant, papaya, and discuss its 
relevance as a superior model system to understand plant sex determination.  
 
Evolution of plant sexuality 
Angiosperms are predominantly hermaphrodite with both stamens and carpels in the same 
flower. The unisexual flowers are derived from ancestral hermaphrodite flowers (Renner 
and Ricklefs, 1995; Mitchell and Diggle, 2005). Transition from hermaphrodite to unisexual 
forms may have occurred more than 100 times in angiospermic lineages (Charlesworth, 
2002). Two possible routes have been proposed for the evolution of dioecious plants from 
hermaphrodite ancestors, via monoecious or gynodioecious plants (Figure 1.1). The 
androdioecious condition is rare in the plant kingdom, and may have evolved from 
dioecious plants by a female plant gaining male function (Liston et al., 1990; Barrett, 2002). 
Trioecy in plants is also rare. Investigation of the evolution of trioecy is underway in 
papaya. Preliminary evidence suggests that trioecy is derived from a dioecious ancestor by 
the loss of a carpel suppressor gene.   
Unisexual flowers arise by arresting the development of one of the sex organs, 
carpel or stamen. In some unisexual flowers, the arrest occurs at the cell specification stage 
of the floral meristem, failing to produce the organ primordia (stamen or carpel). Other 
types of unisexual flowers produce both sex organs but one organ is arrested later during 
development. The first condition is called unisexual by inception and the latter is called 
unisexual by abortion (Mitchell and Diggle, 2005). The arrest of one of the sex organs in 
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unisexual flowers occurs at different developmental stages in different plants. Hemp 
(Cannabis sativa) and mercury (Mercurialis annua) flowers are completely unisexual and 
do not show any vestige of the opposite sex organs, while unisexuality in Fragaria occurs 
later during the gamete development (Dellaporta and Calderon-Urrea, 1993). The arrest of 
opposite sex organs in unisexual flowers is achieved in different stages in different plants 
(Figure 1.2). In some plants, the vestiges of a carpel is left in the male flower while the 
female flower shows no trace of stamens (papaya), while the opposite is true in other plant 
species (Rumex acetosa). The vestiges of the opposite sex are present in both male and 
female flowers of Silene latifolia while there is no trace of the opposite sex in either male or 
female flowers of hemp (see Diggle et al., 2011 for more reviews).  
 
Plant sex determination system 
Sex determination in flowering plants is regulated at several points on the intricate 
network of genes involved in flower development. Here we categorize the mechanism of 
sex differentiation in flowers into three main categories: at a genetic level by sex 
determining genes and sex chromosomes, at a physiological level by phytohormones, and 
at an epigenetic level by DNA methylation and small RNAs.  
 
Genetic regulation 
Genetic regulation of sex determination refers to DNA polymorphisms in the loci directly 
involved in the development of male and (or) female characteristics. One allele at each of 
these loci has no function in the homozygous state. A difference in both loci will establish a 
completely dioecious state, while an allelic difference in only one locus will lead to 
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androdioecy (a difference only in the female determining locus) and gynodioecy (a 
difference only in the male determining locus). The two loci which regulate sex 
determination are considered a prerequisite of sex chromosome evolution (for more 
reviews see: Charlesworth, 2002; Vyskot and Hobza, 2004; Charlesworth et al., 2005; Ming 
and Moore, 2007; Ming et al., 2007; Charlesworth and Mank, 2010; Gschwend et al., 2011; 
Ming et al., 2011; Charlesworth, 2013).  
In the case of differences in two unlinked loci that follow Mendelian independent 
assortment, four types of progeny, namely, hermaphrodite, male, female, and neuter, are 
produced. Wild strawberry (Fragaria virginiana) is an example of genetic sex 
determination by two unlinked loci, where a dominant female fertility gene and a recessive 
male sterility gene determines sex (Sakai and Weller, 1999; Spigler et al., 2008). These two 
loci still undergo meiotic recombination producing 4 possible progeny phenotypes, male, 
female, hermaphrodite, and neuter. The chromosomes housing these genes have not 
degenerated yet and all the haplotype combinations are viable. This stage of genetic 
regulation of sexual phenotypes is the first step towards sex chromosome evolution 
(reviewed in Ming et al. 2011).  
When two sex determining loci are linked together, perfect dioecy is established in 
the population. Suppression of recombination between these two loci prevents the 
dioecious condition to revert back to hermaphroditism. This is considered the crucial stage 
of sex chromosome evolution. The chromosome containing dominant alleles for carpel 
suppression and stamen development will evolve as a Y chromosome and the chromosome 
with both recessive alleles will evolve as an X chromosome (the reverse is true in the ZW 
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chromosome system). This stage of linked sex determining loci is seen in Asparagus 
(Marks, 1973; Ming et al., 2011).  
The onset of sex chromosome differentiation from the initial allelic difference of an 
individual locus is the next step of sex chromosome evolution. Sex chromosomes have been 
reported in 40 angiosperm species (Ming et al., 2011; Tilkat et al., 2011). Of these 40 
species, sex chromosomes in 20 species cannot be distinguished at the cytological level and 
hence are homomorphic sex chromosomes, while in other 20 species, the sex chromosome 
pairs have different morphology and are called heteromorphic sex chromosomes.  Among 
the species with homomorphic sex chromosomes, the XY system is found in 15 species, and 
the ZW system is found in five species. Of the 20 species with heteromorphic sex 
chromosomes, the XY system is found in 19 species and the ZW system is found in one 
species.  
Identifying the sex determining genes of many dioecious plants is the next step 
towards a complete understanding of sex determination and sex chromosome evolution in 
plants. Sex determining genes from the monoecious species, maize (Zea mays) and melon 
(Cucumis melo), have already been cloned (Bensen et al., 1995; Chuck et al., 2007; Boualem 
et al., 2008; Hultquist and Dorweiler, 2008; Acosta et al., 2009; Martin et al., 2009). 
Significant progress has been made over the past decade towards the cloning of sex 
determining genes in dioecious plants. Y deletion mutations in Silene latifolia have 
provided a reliable marker to identify the stamen promoting factor in this species (Fujita 
2012). The male determining locus of the Asparagus sex chromosome has been mapped to 
a 0.25cM location (Telgmann-Rauber 2007). In Populus, a plant with a ZW sex chromosome 
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system, the sex determining region is mapped to the peritelomeric region of chromosome 
19 (Yin 2008, Pakull 2011, Tuskan 2012). 
 
Hormonal regulation 
Various phytohormones are important regulators of flower development in plants. Genetic 
studies have revealed the hormonal regulation of sex organ development in many plant 
species. Mutation of the genes in the ethylene biogenesis pathway alters the sex expression 
in melon (Boualem et al., 2008). Similarly, an allelic difference in a gene in the cytokinin 
metabolic pathway is hypothesized to contribute to the sex determination of grape (Vitis 
vinifera) (Fechter et al., 2012). In maize (Zea mays), two hormones, brassinosteroid and 
jasmonate, act together to suppress the development of tassels (Acosta et al., 2009; Hartwig 
et al., 2011). On the other hand, gibberellin is required to suppress the stamens in the ear 
(Phinney, 1956; Bensen et al., 1995). 
Exogenous application of phytohormones or their inhibitors can effectively alter sex 
expression in plants. Gibberellins are mostly considered as masculine hormones; ethylene, 
on the other hand, shows more feminizing effects on plant sexuality. Auxins and cytokinins 
interactively regulate sex determination in various plants (Irish and Nelson, 1989). 
Exogenous application of ethylene produces a female flower on male plants of hemp 
(Cannabis sativa) and many cucurbit species (Rudich et al., 1972; Durand and Durand, 
1984; Yamasaki et al., 2001). Gibberellin treatment induces male expression in female 
plants of Cannabis sativa and Spinacea oleracea (Chalilakhyan, 1979). Papaya plants 
sprayed with the GA3 inhibitor, chlorflurenol, induces carpel development on male plants, 
again showing the role of gibberellin in maintaining male characteristics (Kumar and 
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Jaiswal, 1984). In Mercury flower, genotypic male shows feminine characteristics due to 
the exogenous application of cytokinins, while auxin produces the opposite effect (Louis 
and Durand, 1978).  
 
Epigenetic and environmental regulation 
Difference in the sexual phenotypes of flowers without any difference in genetic loci 
directly involved in the development of the sex organs is termed as epigenetic regulation of 
sex determination. Epigenetic regulation can occur at the transcriptional level by 
modification of DNA loci in males and females, histone modification, or DNA modification, 
or at the posttranscriptional level by RNA mediated regulation. Environmental factors can 
also determine the flower sex expression in many species (Allan et al., 1987; Pannell, 1997; 
Korpelainen, 1998; Adam et al., 2011). Although the molecular mechanisms of such 
environmental control have not yet been studied, most of the environmentally controlled 
sex determination systems are more likely to be regulated by epigenetic mechanisms, since 
plants responds to the environment by DNA modification or small RNA expression. It is 
more reasonable to consider monoecious plants as having epigenetically regulated sex 
determination, because different types of flowers develop on the same plant.  
Sexual differentiation in maize are established by small RNA regulated pathways 
(Chuck et al., 2007; Parkinson et al., 2007; Hultquist and Dorweiler, 2008). Evidence 
suggests that the small RNAs act through DNA cytosine methylation to maintain the 
monoecious nature of the tassel and ear branches (Parkinson et al., 2007). In the dioecious 
species Silene latifolia, DNA cytosine methylation is necessary to maintain the unisexual 
nature of male plants (Janousek et al., 1996). The demethylation of DNA cytosine residues, 
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by 5-azacystidine, reverts male flowers to hermaphrodite. Loss of DNA methylation in oil 
palm, Elaeis guineensis, produces an epimutant with the aberrant sexual phenotype (Jaligot 
et al., 2000; Jaligot et al., 2011). The sex determining region of Populus trichocarpa 
chromosome 19 has small RNA hotspots, suggesting the possible epigenetic mechanism in 
Populus sex determination (Klevebring et al., 2009; Tuskan et al., 2012). Epigenetic 
modification of the cmWIP1 locus, caused by the natural insertion of a transposable 
element in the promoter region, led to the development of unisexual female flower in 
melon (Martin et al., 2009). Micro RNAs are hypothesized to play a role in the evolution of 
unisexual flower in cucumber (Cucumis sativus) by selectively aborting carpel development 
due to environmental stress (Sun et al., 2010; Bai and Xu, 2012).  
DNA methylation is hypothesized to be the first step towards the evolution of dioecy 
(Gorelick, 2003; Gorelick and Bertram, 2003; Gorelick and Carpinone, 2009). The sexual 
segregation maintained by epigenetic modification ultimately leads to the evolution of sex 
chromosomes (Gorelick, 2003; Anopriyenko and Zakian, 2004; Gorelick, 2005; 
Gerashchenkov and Rozhnova, 2010). Exploration of the epigenetic status in various 
monoecious plants and plants with environmentally labile sex expression will help to 
understand the evolution of sexes and sex chromosomes in plants.  
 
Papaya as a model system 
A good model system in biology should be easy to grow and maintain, have a strong genetic 
and genomic foundation, and have a reliable outgroups for comparative studies. Here we 
review some of the features of papaya that make it an excellent model system to study sex 
determination and sex chromosome evolution in plants.  
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Experimental feasibility  
Papaya is well suited for both in-vivo and in-vitro studies. It is a medium sized tree and can 
easily be maintained in both greenhouse and field conditions. The plant starts flowering 
after 3 month of sowing and produces ripe fruit within 9 months. Once the tree starts 
flowering, it produces flowers in all seasons, providing a continuous supply of plant 
materials for experiments. The female and hermaphrodite flowers originate from each 
node. The male flowers develop in clusters on a long peduncle, and depending upon the 
growth conditions can number in the thousands. Female and hermaphrodite plants 
produce fruit, an average sized ripe fruit can produce about 800-1000 seeds and seeds 
germinate without any dormancy period. A relatively short life cycle compared to other 
fruit trees, as well as continuous flowering for many years makes papaya a suitable model 
for genetic and epigenetic studies.   
Papaya is well studied for in-vitro culture and has an established transformation 
system. It has been successfully regenerated from root, shoot, anther, and hypocotyl tissues 
(Winnar 1988, Tsay 1985) and a higher frequency of somatic embryogenesis has been 
observed in many cases of in-vitro culture (Fitch 1993, Fitch 1990, Yie 1977). Transgenic 
papaya can be easily produced using Agrobacterium mediated transformation of somatic 
embryos or particle bombardment (Fitch et al., 1992; Fitch et al., 1993).  
 
Phylogenetic relevance  
 The phylogenetic position of papaya compared with other model plants makes 
comparative studies much easier (Figure 1.3). Papaya (Carica papaya) belongs to the family 
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Caricaceae in the order Brassicales. The family includes a total of 35 species within 6 
genera. Of the 35 species one is monoecious (Vasconcellea monoica), two are trioecious 
(papaya and V. cundimarsensis), and the remaining 32 species are dioecious. Molecular 
clock based divergence analyses revealed that Carica and Vasconcellea diverged about 27.5 
million years ago (MYA) (Carvalho and Renner, 2012). The genus Vasconcellea contains all 
three sex forms: monoecious, dioecious, and trioecious. The different sex forms within the 
closely related taxa provides an excellent opportunity for comparative studies. Papaya 
diverged from Arabidopsis around 72 MYA (Wikstrom et al., 2001). Papaya is the most 
closely related species to Arabidopsis that has sex chromosome.  Many discoveries made in 
the Arabidopsis system are also valid in papaya, making further investigations in papaya 
easier. An analysis of genome sizes among the members of the family Caricaceae has led to 
the suggestion of possible presence of a ZW chromosome system in V. horvitziana 
(Gschwend et al., 2012). If this is the case, papaya will also serve as a good model system to 
study the different evolutionary forces leading to XY and ZW chromosome systems.  
 
Sex determination in papaya 
The unusual segregation ratios of papaya have caught the attention of many breeders and 
geneticists. In 1914, Higgins described the unusual sex segregation ratio resulting from 
papaya crosses. Hofmeyr and Storey independently proposed one gene with three alleles 
controlling sex expression in papaya. Hofmeyr (1938, 1939) described these alleles as M1, 
M2, and m where M1 and M2 are dominant alleles for male and hermaphrodite respectively 
and m being the recessive allele determining the female trait. To better represent the 
phenotypic trait, Storey (1938, 1941, 1953) named these alleles as M, Mh, and m, where M 
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and Mh are dominant alleles for male and hermaphrodite and m is a recessive allele 
determining the female trait. The self-pollination of a hermaphrodite or male plant (male 
plants can have an occasional hermaphrodite flower) segregates into a 2:1 ratio of 
hermaphrodite to female or male to female, respectively. About 25% of the seeds from 
these crosses aborts prematurely suggesting that the combination of the MM, MhMh and 
MMh alleles are embryonic lethal. The hermaphrodite flower pollinated with male pollen 
produces male, hermaphrodite, and female progenies in the ratio of 1:1:1 with about 25% 
of the seeds aborting prematurely, again providing support for the three alleles controlling 
sex determination in papaya. It is not until later that the sex determination in papaya is 
proposed to be controlled by sex chromosomes (Hofmeyr, 1967; Horovitz and Jimenez, 
1967).  
 
Sex chromosomes in papaya 
Cytological studies of papaya karyotypes failed to distinguish the papaya sex chromosomes 
at a morphological level, but the early separation of a pair of homologs during meiotic 
anaphase was intriguing (Kumar et al., 1945). Although it was not known at that time, the 
reduced crossing over recombination rate between the pair of sex chromosomes may have 
facilitated such precocious separation of the homologous pair. With the advent of 
molecular techniques, the understanding of papaya sex regulation began to escalate. DNA 
based polymorphic markers provided a useful tool to map the sex determining locus in the 
papaya genome. Using random amplified polymorphic DNA (RADP) markers, the sex 
determining locus was first mapped to 14 cM flanking markers on linkage group 1 of the 
papaya genome (Sondur et al., 1996). Further mapping with higher density markers 
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showed that the sex determining locus lies in a recombination-suppressed region resulting 
in 66% of the markers on linkage group 1 (LG1) to co-segregate with the sex determining 
locus (Ma et al., 2004). Fine mapping of this sex determining region showed no 
recombination, providing the first molecular evidence for the papaya sex chromosomes 
(Liu et al., 2004). One of the major agronomical interests in papaya sexuality is identifying 
the sex of seedlings for proper management of crops in the field, since sex cannot be 
determined phenotypically until the plants flower. Several DNA based markers have been 
developed to detect the sex of papaya plants without having to wait until they flower 
(Deputy et al., 2002; Urasaki et al., 2002; Costa et al., 2011; Hsu et al., 2012).  
Papaya is unique in having two types of Y chromosomes, controlling male (Y) and 
hermaphrodite (Yh) characteristics (Ming et al., 2007). Different versions of Y 
chromosomes are not known in other organisms. Many achievements have been made to 
understand the structural, functional, and evolutionary perspectives of papaya sex 
chromosomes. Comparing the papaya homologous X and Yh BACs revealed distinct 
evolutionary patterns between the X and Y chromosomes, in the form of dynamic 
chromosomal rearrangement (Yu et al., 2008). In contrast to the Y chromosome in other 
organisms, Y chromosomes in Caricaceae show higher genetic diversity than the X 
chromosomes (Weingartner and Moore, 2012). The location of the Hermaphrodite Specific 
Region of the Yh chromosome (HSY) was determined to be near the centromere, using 
fluorescence in situ hybridization (FISH) (Yu et al., 2007). The HSY has five 
heterochromatic knobs in comparison to only one on the X (Zhang et al., 2008). 
Physical maps of the sex specific region of the Yh and its X counterpart show that the 
HSY, comprising 8.5mb, has expanded by 89% compared its X counterpart comprising 
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3.5mb (Wang et al., 2012). The expansion of the HSY was the result of the insertion of 
retrotransposons in this region. Two large scale inversions on HSY were observed and are 
implicated to be responsible for suppression of recombination between X and Y 
chromosomes (Wang et al., 2012). The gene density of the HSY is highly reduced compared 
to the whole genome average (one gene per 112.5 kb compared to one gene per 16 kb in 
the whole genome), and compared to the X counterpart (one gene per 43.2 kb) (Ming et al., 
2008; Wang et al., 2012). The gene content in the HSY is much lower compared to the X 
counterpart, resulting from sequence expansion and degeneration in the HSY. 
The recently originated papaya X chromosome provides an excellent opportunity to 
uncover the evolutionary history of the X chromosome by comparing it to its homologous 
autosome in Vasconcellea monoica. The Papaya X chromosome was found to have expanded 
133% over the V. monoica homologous regions compared to the autosomal region 
(Gschwend et al., 2012). The suppression of recombination completely prevents the HSY 
from getting rid of the inserted transposons and causes rapid expansion and degeneration, 
but the X chromosome still recombines in female plants. This reduces the recombination 
rate of the X chromosome to 2/3 compared to the autosome. The reduced rate of 
recombination also causes the X chromosome to expand and degenerate, albeit slower than 
that of HSY. Comparison of the X chromosome with its V. monoica homolog showed the 
lower gene content in the X chromosome. The gene density of representative X BACs was 
found to be one gene per 130 kb compared to one gene per 46.0 kb in V. monoica, while the 
gene density is one gene per 7.4 kb and one gene per 19.8 kb in the homologous autosomal 
region (Gschwend et al., 2012). Furthermore, high throughput transcriptome analyses from 
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the flowers of three sexes at different developmental stages shows that most of the 
transcripts from the sex specific regions of the X and Yh are retroelements. 
 
Genomic resources 
Significant achievements have been made in papaya genomics over the past few decades. A 
draft genome of a ‘SunUp’ female papaya, covering more than 90% of the euchromatic 
regions, is available for public use (Ming et al., 2008). The genome has revealed several 
interesting facts about the tropical tree fruit. The papaya genome, along with the grape 
genome, has not gone through the recent whole genome duplications observed in many 
plants (Jaillon et al., 2007; Ming et al., 2008).  Comparative analyses of papaya and grape 
genomes with other relatives may provide some insights on the effect of genome 
duplication on plant sexuality. The transgenic ‘SunUp’ papaya genome also serves as a good 
model to study transgene insertion. A total of 24,746 gene models are annotated from the 
papaya draft genome. Comparing the number of genes in several gene tribes revealed that 
it has a minimal gene set among sequenced angiosperm species.  
High-density genetic maps integrated with physical maps have added to the wealth 
of papaya genomic resources (Sondur et al., 1996; Ma et al., 2004; Chen et al., 2007; Blas et 
al., 2009; Yu et al., 2009). The 9 linkage groups corresponding to 9 papaya chromosomes 
have been achieved with an average marker density of 0.9cM between adjacent markers.  
There are only 27 gaps left with more than 5cM in those linkage groups (Blas et al., 2009). 
By integrating the genetic and cytological maps, the supercontigs from the papaya draft 
genome have been ordered into nine papaya chromosomes (Zhang et al., 2010). Bacterial 
Artificial Chromosome (BAC) clones of papaya genomic DNA with 13.7X coverage of the 
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genome in 39,168 clones is available (Ming et al., 2001). These BACs are assembled on a 
physical map covering 95.8% of the genome in 963 contigs (Yu et al., 2009). 
Sequencing sex chromosomes present a big challenge due to its heterozygous and 
highly repetitive nature. The BAC by BAC approach is the only alternative to get quality 
sequence for these sex chromosomes. Physical maps of the HSY and its X counterpart 
provide the foundation for sequencing the sex specific regions of papaya (Na et al., 2012). 
The physical maps of the HSY and X comprise of 68 and 44 BACs, respectively. Sequencing 
the HSY and corresponding X region has yielded 8.1 and 3.5 Mb pseudomolecules, 
respectively (Gschwend et al., 2012; Wang et al., 2012). The gene content of the HSY and X 
chromosomes has been fully annotated and the transcripts were validated by RT-PCR. 
Candidate BACs homologous to the papaya X chromosome have been sequenced from the 
monoecious relative V. monoica and can be a valuable resource for future comparative 
studies (Gschwend et al., 2012). Papaya is the only plant species with fully sequenced and 
annotated sex chromosomes.  
 
Epigenetic resources 
Despite the wealth of genomic resources, the epigenetic side of papaya is lagging behind. 
Two studies analyzed the micro RNAs and other regulatory RNAs in papaya (Porter et al., 
2008; Aryal et al., 2012). A total of 61 miRNAs have been reported in papaya with tissue 
specific expression profiling. Genomewide analyses of small RNA transcripts in papaya 
have provided some fundamental insights on small RNA biogenesis and functioning in 
plants (Aryal et al., 2012). A distorted purine/pyrimidine ratio from the expected duplex 
RNA precursor was observed. The distribution of 21 and 24 reads in the genome indicated 
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the differential pattern of epigenetic landscape along the genome. Porter et al. (2008) 
reported a miRNA and three other non-coding RNAs showing a differential pattern of 
expression in different tissues. Interestingly, the non-coding RNA expressed in the flowers 
was reported to have multiple splice variants. It was not clear which sex flower was used 
for the library construction, the splice variants may be from different sex types and may be 
associated with sex differentiation.  
 Another major epigenetic mechanism that modulates the developmental pattern 
is DNA cytosine methylation. Zhang et al. (2008) analyzed the methylation status of the 
HSY and X chromosomal regions by fluorescent in-situ hybridization (FISH) and 
immunofluorescence assays. Four highly methylated heterochromatic knobs were 
observed in the HSY, but were absent in the corresponding X region, indicating their role in 
sex chromosome evolution (Zhang et al., 2008). Further exploration of epigenetic 
landscapes, including sex specific analyses of noncoding RNAs and whole genome 
methylation in papaya, is required to understand the regulation of sex expression in this 
peculiar trioecious plant. Integration of genetic and epigenetic knowledge may be helpful to 
explore the complex network of sex regulation in papaya and other flowering plants.  
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Figures 
 
 
 
 
Figure 1.1: Evolution of plant sexuality. Dioecy evolves from a hermaphrodite ancestor 
through gynodioecy and monoecy, while androdioecious and trioecious conditions are 
derived from dioecious ancestors.  
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Figure 1.2: Morphology of unisexual flowers in different plant species showing the different 
stages of carpel and stamen abortion in male and female flowers, respectively. Organ abortion 
occurs at a later stage in Asparagus and complete suppression of sex organ development in 
Cannabis. The grey disc represents the floral receptacle and the four floral whorls are represented 
by; green = calyx, red = corolla, stamens = blue, pink = carpel.  
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Figure 1.3: Phylogenetic position of papaya among the genera in the family Caricaceae. The 
tree was reconstructed based on the information on Carvalho and Renner (2012) and Wikstrom et 
al. (2001). The values above the branch show the divergence time in millions of years.   
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CHAPTER 2 
 
Asymmetric purine-pyrimidine distribution in cellular small 
RNA population of papaya1 
 
Abstract 
The small RNAs (sRNA) are a regulatory class of RNA mainly represented by the 21- and 
24-nucleotide size class. The cellular sRNAs are processed by RNase III family enzyme dicer 
(Dicer like in plant) from a self-complementary hairpin loop or other type of RNA duplexes. 
We analyzed the genomic features of the papaya sRNA population from three sRNA deep 
sequencing libraries made from leaves, flowers, and leaves infected with Papaya Ringspot 
Virus (PRSV). We also used the deep sequencing data to identify the micro RNA (miRNA) in 
papaya. We identified 60 miRNAs, 24 of which were conserved in other species, and 36 of 
which were novel miRNAs specific to papaya. In contrast to the Chargaff’s purine-
pyrimidine equilibrium, cellular sRNA was significantly biased towards a purine-rich 
population. Of the two purine bases, higher frequency of adenine was present in 23nt or 
longer sRNAs, while 22nt or shorter sRNAs were over represented by guanine bases. 
However, this bias was not observed in the annotated miRNAs in plants. The 21nt species 
were expressed from fewer loci but expressed at higher levels relative to the 24nt species. 
The highly expressed 21nt species were clustered in a few isolated locations of the genome. 
                                                        
1 This chapter appeared in its entirety in- Aryal R, Yang X, Yu Q, Sunkar R, Li L, Ming R (2012) Asymmetric 
purine-pyrimidine distribution in cellular small RNA population of papaya. BMC Genomics 13: 682 
This chapter is reprinted with permission form the publisher. 
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The PRSV infected leaves showed higher accumulation of 21nt and 22nt sRNA compared to 
uninfected leaves. We observed higher accumulation of miRNA* of seven annotated 
miRNAs in virus-infected tissue, indicating the potential function of miRNA* under stressed 
conditions. The findings open a new avenue for further investigation of the sRNA silencing 
pathway in plants. 
 
 
Introduction 
Small RNAs (sRNAs) are a regulatory class of RNAs present in broad range of eukaryotic 
organisms and some viruses. Micro RNA (miRNA), small interfering RNA (siRNA), and 
natural antisense siRNA are the major regulatory RNAs in plants. They are processed by 
RNase III domain containing protein of dicer family (Dicer like in plants). Another major 
class of regulatory RNA, Piwi-interacting RNA (piRNA), targets transposable elements in 
animal genomes (Grimson et al., 2008). The dicer processed RNA duplex is incorporated 
into RNA induced silencing complex (RISC) containing the RNase H class ribonuclease, 
Argonaute, which carries out the regulatory functions in a sequence specific manner. After 
incorporation to the RISC complex, one of the two strands is selected as an effector 
molecule, called the guide strand, by a mechanism not yet known. The complementary 
strand, called the passenger strand, has no known function and is degraded by cellular 
machinery. The guide strands are involved in posttranscriptional gene silencing in a 
spatiotemporal manner. Some sRNAs are also implicated in transcriptional gene silencing 
by chromatin modification (Aukerman and Sakai, 2003; Chen, 2004; Pontes et al., 2006; 
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Brodersen et al., 2008; Blevins et al., 2009; Carthew and Sontheimer, 2009; Shen et al., 
2012). 
 Cellular sRNAs are mainly expressed from repetitive sequences, intergenic regions, 
and introns of genes (Llave, 2002; Lu et al., 2005; Rajagopalan et al., 2006; Nobuta et al., 
2007). Some effort has been made to characterize cis regulatory motifs on the genomic loci 
expressing small regulatory RNAs (Ohler et al., 2004; Linhart et al., 2008). Genomic 
characterization of the loci and their regulatory motifs will provide useful information to 
understand the biology of these regulatory RNAs. High throughput deep sequencing data 
has been used to analyze the vast amount of sRNA populations in plants (Sittka et al., 2008; 
Hsieh et al., 2009; Zhang et al., 2009; Fahlgren et al., 2010; Ma et al., 2010; Zhao et al., 
2010). Most of these studies focus on characterizing miRNA and finding their targets. The 
micro RNAs are transcribed from more canonical genetic structures, having promoters 
identified by RNA polymerase II (Bartel, 2004; Cai et al., 2004; Lee et al., 2004; Walport and 
Lynn, 2005; Xie et al., 2005). In several cases, the altered or mis-expression of miRNA 
shows a distinct phenotype and is thus easier to discover and characterize. On the other 
hand, a bigger portion of the cellular sRNA population is made of non-microRNA class. 
Genomic and transcriptomic features of a large number of these potentially regulatory 
sRNAs are yet to be fully characterized. 
 Micro RNA is a class of small regulatory RNA that functions as a negative regulator 
of target mRNAs. They are processed from a single primary transcript that folds back, 
forming a stable stem-loop structure.  Most miRNAs play a key role in controlling various 
developmental events (Reinhart et al., 2002; Aukerman and Sakai, 2003; Bartel and Bartel, 
2003; Dugas and Bartel, 2004; Laufs et al., 2004; Mallory et al., 2004), or are associated 
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with response to different biotic and abiotic stimuli (Sunkar and Zhu, 2004; Voinnet, 2005; 
Liu et al., 2008; Ding et al., 2009; Kim et al., 2012; Li et al., 2012; Shivaprasad et al., 2012). 
The miRNAs are relatively conserved across diverse plant species and have definite 
evolutionary history among plant and animal kingdoms (Axtell and Bartel, 2005; Zhang et 
al., 2006; Axtell et al., 2007; Axtell and Bowman, 2008; Axtell et al., 2011). Annotation and 
functional analysis of miRNA from more organisms are needed for detailed understanding 
of their evolutionary prospective and functional importance in the cell. 
 Papaya is emerging as a model species to study sex chromosome evolution in plants 
and also for tropical fruit tree genomics (Ming et al., 2001). A 271Mb draft genome of 
papaya covering 73% of the total genome (372Mb) and 92% of the euchromatic region is 
available (Ming et al., 2008). The genome contains 52% of the repetitive regions and the 
total GC content of the genome is 35.3%. The genome has not gone through whole genome 
duplication after the ancient triplication event. Papaya contains the minimal set of protein 
coding genes among all sequenced angiosperm species. Expression of a miRNA and some 
putative regulatory RNAs in papaya has been reported before (Porter et al., 2008). The 
complete profiling of small regulatory RNAs is still lacking. Furthermore, the sequenced 
cultivar ‘SunUp’  is the transgenic line containing coat protein of Papaya Ringspot Virus 
(PRSV) to develop resistance against the virus (Fitch et al., 1992; Fitch et al., 1993). This 
provides an opportunity for study of virus resistant mechanisms in transgenic plants. We 
present the detailed analysis of the cellular sRNA population from papaya and discuss the 
significance of purine-pyrimidine bias observed in the population. We compared the total 
sRNA population in three papaya tissues and in transgenic and non-transgenic lines. We 
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further used the sRNA sequences to annotate the miRNA genes in papaya and analyzed the 
expression pattern in different tissues, including PSRV infected leaves.  
 
Results 
Three sRNA libraries prepared from ‘SunUp’  leaves, ‘AU9’ female flowers, and ‘AU9’ male 
leaves infected with PRSV were sequenced using the Illumina GAII system. After adapter 
trimming, 18-33nt reads were extracted and 18-26nt sequences were taken as small 
regulatory RNA and used for further analysis. A total of 4,657,833 reads were obtained 
from female flowers, 4,664,779 read were obtained from leaves, and 4,505,266 reads were 
obtained from PRSV infected leaves (See Appendix: Table S2.1). The sequences constitute 
2,200,544 (47.24%), 2,033,600 (43.59%), and 1,288,216 (28.59%) unique reads in the 
flowers, leaves, and PRSV infected leaves, respectively.  
We compared the different size classes of sRNAs in three libraries. As expected, the 
21 and 24nt species were the major constituents in all samples (Figure 2.1A). Comparison 
of the unique reads to the total redundant reads showed that the total 21 and 22nt 
sequences are more expressed relative to 24nt species. The ratio of 24nt to 21nt species 
unique reads were 3.3, 4.6, and 1.4 for flowers, leaves, and PRSV infected leaves, whereas 
this ratio was 1.3, 1.5 and 0.33 in total redundant reads. The 21 and 22nt unique sequences 
in PRSV infected leaves were expressed higher compared to that of the uninfected leaves, 
whereas the 24nt species showed the opposite trend (Figure 2.1b). Comparing the reads 
specific to the three libraries, the number of 21 and 22nt reads specific to PRSV infected 
leaves was significantly higher than the uninfected leaves. On the other hand, the 24nt 
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reads specific to PRSV infected leaves were much lower compared to uninfected tissues 
(See Appendix: Figure S2.1). 
 
Identification of papaya miRNAs  
A total of 60 miRNAs from 53 families along with their miRNA* sequences were identified 
from the three sets of sRNA deep sequencing reads (Table 1.1, See Appendix: Table S2.2). 
The miRNAs were identified based on stem-loop structure using algorithm miRDeep 
(Friedlander et al., 2008) optimized for plant miRNA prediction (Yang and Li, 2011) with 
the optimal precursor length of 250nt. The miRDeep algorithm calls miRNA from the 
aligned reads only when it finds both guide (miRNA) and star (miRNA*) strands in the 
library and they can form a stable hairpin structure, making it the most robust program to 
identify miRNA from the deep sequencing reads. Of the 60 miRNAs annotated in papaya, 24 
show strong homology to previously annotated miRNAs from other plant species, while 36 
appear to be specific to papaya. Out of the 60 annotated miRNAs, 18 miRNAs were only 
detected in flowers, 12 only in leaves, and five were only in PRSV infected leaves. The 
expression of the predicted miRNAs were tested by stem-loop qRT-PCR assay (Mestdagh et 
al., 2008) (See Appendix: Figure S2.2). A total of 62 miRNAs, including nine miRNA*, were 
tested by qPCR. Of these, 60 were detected in at least one library, while two were not 
detected in all three libraries. 
Of the 53 miRNA families identified in papaya, the miRNAs* of nine miRNAs were 
detected at a higher levels than their respective miRNA. The accumulation of the miRNA* 
varied from nine reads per million (miR390*) to 1021 reads per million (miR396*). The 
higher accumulation of the miRNA* was mostly observed in PRSV infected leaves (Figure 
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2.2, Table 2.1). Of the nine miRNA families showing higher miRNA* accumulation than 
respective miRNA, seven showed higher levels in PRSV infected leaves compared to 
uninfected leaves. The remaining two families showed higher accumulation in leaf tissue 
(Figure 2.2).  
 
Majority of cellular sRNA is represented by only one copy 
We analyzed the abundance of the unique sRNA reads in each library (Figure 2.3). A large 
number of reads were represented by only one copy in the entire library. Single copy reads 
constituted 85.3%, 85.6%, and 84.7% of unique reads in flowers, leaves, and PRSV infected 
leaves, while reads with over 10 copies constituted only 1.4%, 1.2%, and 2.3% of the 
unique reads. Most of the single copy sRNAs differ from one another by a few nucleotides 
and map to overlapping genomic loci (See Appendix: Figure S2.3). We checked the 
proportion of single copy reads in sRNA datasets from 6 plant species, Arabidopsis thaliana, 
Populus trichocarpa, Medicago truncatula, Arachis hypogea, Glycine max, and Phaseolus 
vulgaris, obtained from NCBI’s gene expression omnibus. The single copy reads in these 
plant species ranged from 73.6% (A. thaliana) to 90% (M. truncatula) (See Appendix: 
Figure S2.4).  
 
Mapping sRNA to the papaya genome 
The sRNA reads were mapped to the papaya draft genome (Ming et al., 2008). The 
percentage of unique reads showing a perfect match to the genome were 55.0%, 57.8%, 
and 54.4% from the flower, leaves, and PRSV infected leaves respectively. The papaya draft 
genome contains 271 Mb constituting 73% of the total genome size (372 Mb). 
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Approximately 45% of the unmapped reads should be coming from the remaining 27% 
highly repetitive region of the genome not represented in the draft genome (Ming et al., 
2008).  
Different size class sRNA transcripts shows distinct nucleotide composition (see 
next section), implying their different genomic location of origin. It has been reported that 
24nt sRNAs are more or less evenly expressed throughout the genome, while 21nt sRNAs 
show higher expression from some discrete genomic regions (Fahlgren et al., 2010). To 
characterize the genomic regions expressing different size class sRNA in papaya, we 
mapped the 21nt and 24nt reads from three libraries to the nine papaya chromosomes 
(Zhang et al., 2010) (Figure 2.4). The 24nt reads were mapped evenly throughout the 
genome and have higher expression than the 21nt species in most genomic loci, whereas 
the 21nt reads showed much higher expression than the 24nt species in some isolated 
regions of the genome (Chromosomes 3, 5, 6, 8, and 9 in Figure 2.4).  
 
Cellular sRNA shows accumulation of purine-rich strands 
Since the endogenous sRNAs are processed from a double stranded precursor, an equal 
ratio of purine-pyrimidine bases in the population is expected based on Chargaff’s rule. 
Interestingly, the analysis of endogenous sRNAs in all papaya libraries showed significant 
deviation towards purine-rich sequences (Fisher’s exact test; p=10-4) (Figure 2.5A). 
Approximately 75% of the unique reads in the dataset were higher in purine residues than 
pyrimidine residues. To check whether this bias was coming from some specific position, 
we analyzed the frequency of each nucleotide on every nucleotide position of the sRNA 
sequences. The two purine bases, adenine and guanine, were the most frequent at each 
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nucleotide position, followed by the pyrimidines, uracil and cytosine. Of the two purine 
nucleotides, the frequency of guanine was highest in 21nt sequences while the adenine was 
the most frequent in 24nt species (Figure 2.5B). While the percentage of cytosine and uracil 
remains the same in both 21 and 24nt species, percentage of guanine decreased from 27.9 
in 21nt species to 25.2 in 24nt species and the adenine component increased from 29.5 in 
21nt species to 33.6 in 24nt species. The 5’ nucleotide of the 24nt species was biased 
towards adenine while uracil was frequent nucleotide at the 5’ end of 21nt species, as 
reported previously (Mi et al., 2008; Fahlgren et al., 2010). The 5’ nucleotide conservation 
on 24nt species was more prominent than on 21nt species (~0.3 bit in 24nt and ~0.1 bit in 
21nt in the scale of zero bit for no conservation and 2.0 bit for complete conservation) 
(Figure 2.5B).   
 To examine whether this observed biased purine-pyramidine distribution is specific 
to papaya sRNAs or a general phenomena, we analyzed the nucleotide composition in sRNA 
datasets of six more plant species from NCBI’s gene expression omnibus, A. thaliana, P. 
trichocarpa, M. truncatula, A. hypogea, G. max, and P. vulgaris. All six species analyzed 
showed the overabundance of purine-rich sequences in the population compared to 
pyrimidine-rich sequences. The difference between purine-rich sequences and pyrimidine-
rich sequences was observed in each of the18-25nt sequences of Arabidopsis (See 
Appendix: Figure S2.5A and S2.5B). Consistent with papaya data, the shift from high 
frequency guanine in 21nt species to high frequency adenine in 24nt species was observed 
in all plant species analyzed.  
 We analyzed the purine-pyrimidine composition in the annotated miRNA sequences 
in 5 plant species. A total of 329 miRNAs from Arabidopsis, 675 from Medicago, 238 from 
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Populus, and 662 from Oryza sativa in MirBase (Griffiths-Jones et al., 2006), and 60 miRNAs 
from papaya (from this study) were analyzed for purine-pyrimidine composition. Although 
the purine-rich sequences were consistently higher in all species, the difference was not as 
prominent as observed in total sRNA population (Figure 2.5C). No definable pattern of 
nucleotide frequency was observed along the miRNA sequences as was observed in total 
sRNA population (See Appendix: Figure S2.6). This may be due to the evolutionary history 
of the miRNAs (see discussion). 
 
Viral small RNA and transgene silencing 
‘SunUp’ cultivar of papaya was transformed with coat protein gene from the PRSV to 
develop the virus resistant lines (Fitch et al., 1992; Fitch et al., 1993). Integration of PRSV 
coat protein gene of the virus in the papaya genome has been confirmed (Ming et al., 2008). 
The ‘AU9’ cultivar is non-transgenic and susceptible to PRSV infection. The sRNA reads 
from three libraries were aligned to the PRSV genome (NCBI Reference Sequence: 
NC_001785.1). A total of 1,915 reads from ‘SunUp’ leaves and 19,531 from the PRSV 
infected ‘AU9’ leaves could be aligned to the PRSV genome. The reads mapped to the PRSV 
genome were mostly 21 and 22nt species. Of the aligned reads, 21 and 22nt species 
constitute 64% (41% and 23% for 21nt and 22nt) and 60% (36% and 24%) in ‘SunUp’  
leaves and PRSV infected ‘AU9’ leaves, respectively (See Appendix: Figure S2.7). The reads 
from the ‘SunUp’  leaves mapped exclusively to the coat protein region of the viral genome 
suggest active transcription of the transgene that produces sRNA precursors. The reads 
from the non-transgenic ‘AU9’ variety mapped evenly throughout the viral genome (Figure 
2.6). 
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Discussions 
Our results provide the first report of asymmetric accumulation of purine-rich strands in 
endogenous sRNA populations (Figure 2.5A, 2.5B; See Appendix: Figure S2.5A, S2.5B). The 
endogenous sRNAs are processed from a duplex RNA precursor by an RNase III enzyme 
dicer. The final dicer product is a short fragment of the RNA duplex formed by Watson-
Crick base pairing with a two-nucleotide overhang at the 3’ end. Equal proportions of 
purine-pyrimidine composition in each pair of sequences were expected according to 
Chargaff’s rule. Thus, equal proportion of purine-rich and pyrimidine-rich sequences are 
expected in the total sRNA population. We found that the nucleotide composition of the 
cellular sRNA population is highly biased towards purine-rich molecules in our papaya 
sRNA library (Figure 2.5A, 2.5B) and in sRNA reads from other plant species obtained from 
NCBI (See Appendix: Figure S2.5A, S2.5B). Furthermore, the shorter sequences had a high 
frequency of guanine, whereas adenine was more prevalent in the longer sequences 
(Figure 2.5B). We observed the high guanine frequency in 22nt or shorter sequences, while 
adenine was more frequent in 23nt or longer sequences. This implies that the internal 
energy of the duplex is maintained by adjusting the ratio of guanine (3 hydrogen bonds) to 
adenine (two hydrogen bonds) as the sequence length changes. 
The highly distorted purine pyrimidine ratio in cellular sRNA population implies 
two possible scenarios; 1) the cell selectively accumulates purine-rich strands and 
eliminates the pyrimidine-rich strands, or 2) more than half of the cellular small RNAs are 
processed from purine-rich single stranded transcripts without having to form a duplex 
structure. Since there is no known mechanism to process single stranded sRNA, the second 
scenario is less likely to be the mechanism for such asymmetric distribution. 
 44 
The accumulation of purine-rich sRNAs implies an active strand selection 
mechanism in the cell. Only one strand of the duplex RNA gets incorporated to RISC and 
provides sequence specificity to the sRNA targets. The mechanism that selects the guide 
strand from passenger strand is vaguely known. Since incorporation of the guide strand to 
RISC is before the target binding, the nucleotide sequence of target cannot be the 
mechanism to select the guide strand. Asymmetric distribution of internal energy between 
5’ and 3’ of the guide strand has been described as a mechanism of strand selection 
(Khvorova et al., 2003; Schwarz et al., 2003). However, different Argonaute proteins appear 
to have different mechanisms for effector strand selection. AGO1 relies on asymmetric 
thermodynamic stability between 5’ and 3’ ends, while AGO2 requires mismatches at 
positions 9 and 10 (Okamura et al., 2009). Here we present the highly skewed 
accumulation of purine-rich sequences in the cell as a possible alternative mechanism of 
effector strand selection by the RISC complex.  
Technical bias during library preparation, or contamination with some degradation 
products of other classes of RNA could produce some sort of bias in the deep sequencing 
libraries. However, both of these scenarios are less likely to have influenced the purine-
pyrimidine bias observed here. The contaminant RNAs should be distributed in all size 
classes rather than accumulating in 20-24nt ranges. In the papaya sRNA libraries, 21 and 
24nt reads make ~65% of the 18-33nt total reads, while this goes to ~88% if we use 20-
24nt reads for the calculation. This shows that canonical dicer products mainly represent 
our libraries and the other contaminant RNAs are not enough to influence the observed 
nucleotide bias. Furthermore, the Arabidopsis sRNA data used for this analysis 
(GSM253622-25) were AGO pulled reads, which excludes the possibility of contamination 
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from other classes of RNAs to produce the purine-pyrimidine bias. Differential 
representation of sRNA sequences in a deep sequencing library due to the RNA ligase 
efficiency has been reported (Hafner et al., 2011; Sorefan et al., 2012). However, these 
differences are due to the RNA secondary structure, rather than primary sequence. The 
library preparation protocol we used also acknowledges the differential ligation efficiency 
towards the end nucleotide of the sRNA sequence (Lu et al., 2007). The bias we observed 
throughout the entire length is less likely to be caused by RNA ligase preference. The 
purine pyrimidine asymmetry was consistent in the sRNA dataset generated independently 
by different labs and from different plant species. If, in fact, this asymmetry were due to 
technical bias, it would imply that we were missing a vast amount of potentially regulatory 
RNAs in many organisms and the protocol needs to be revisited. 
Approximately 25% of the reads in the plant sRNA datasets analyzed had higher 
pyrimidine content than purine. These sequences might represent the un-degraded 
passenger strand or from unbiased miRNAs (see below) and some contaminant from 
degradation products of other RNA classes. 
However, the purine-pyrimidine bias was not observed in the annotated miRNAs 
obtained from miRBase (Griffiths-Jones et al., 2006) and from papaya (Figure 2.5C). We did 
not observe any definable pattern of nucleotide conservation along the entire length of 
miRNAs as was observed in the total cellular sRNA (See Appendix: Figure S2.5).  
Micro RNAs are evolutionarily ancient than the other classes of regulatory RNAs 
(Axtell and Bartel, 2005; Fahlgren et al., 2010; Nozawa et al., 2012). It is also different from 
other classes of regulatory RNAs on having mismatches and bulges (Deleris et al., 2006; 
Carthew and Sontheimer, 2009). It can be hypothesized that miRNA has acquired 
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independency to purine-pyrimidine ratio over time. We observed that papaya specific 
miRNAs are more biased towards purine-rich strands than the conserved miRNAs, 
providing more support for evolutionary shift towards purine-pyrimidine equilibrium from 
siRNAs to miRNA. 
 The 27% of papaya genome not represented in the draft genome, contains highly 
repetitive sequences. Approximately 45% of the unmapped reads from each of the three 
libraries should be coming from the 27% repetitive regions. The short read sequences 
often match to multiple loci of the genome. A significant portion of the reads mapped to the 
available draft sequence should also map to the repetitive sequence of the genome, 
implying the excessive expression of short RNAs from the repetitive regions of the genome, 
as observed in other species (Llave, 2002; Lu et al., 2005; Rajagopalan et al., 2006; Nobuta 
et al., 2007). The 21nt species are preferentially expressed from a small number of highly 
transcribed genomic loci, while 24nt species are evenly expressed throughout the genome. 
Five of the nine papaya linkage groups showed at least one location with excessive 
expression of 21nt species (Figure 2.4).  
Higher accumulation of total reads over unique reads was observed in 21nt species 
relative to 24nt species (Figure 2.1A and 2.1B). This suggests that the 21nt species are 
transcribed from fewer loci but expressed more. Our data showed higher accumulation of 
21 and 22nt species in PRSV infected tissue than uninfected tissues for both unique and 
total reads. Elevated siRNA accumulation has been observed to the virus-infected plants 
(Hamilton, 1999; Voinnet, 2005; Bouche et al., 2006). Sequestration of sRNA by virus 
produced proteins has been observed in plants (Silhavy et al., 2002; Vargason et al., 2003). 
We observed the accumulation of redundant 21 and 22nt reads in the virus infected leaves, 
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as well as higher expression of unique transcripts, indicating that the elevation of these 
sequences was not the result of sequestration but transcription (Figure 2.1A). Most of the 
sRNA reads mapped to the PRSV genome was 21 and 22nt further indicating the virus-
induced expression of 21 and 22nt reads (see below).   
The ‘SunUp’  and ‘AU9’ cultivars provides an opportunity for the comparative study 
of transgene silencing and virus defense. In plants, sRNA mediated silencing is an 
important mechanism against virus and transgene invasion (Qi et al., 2009; Burgyan and 
Havelda, 2011; Liu et al., 2012). The sRNA reads from ‘SunUp’  leaves were mapped 
exclusively to the coat protein region of the PRSV genome, suggesting that the coat protein 
region was enough to induce the host response towards the virus. The ‘AU9’ reads however 
mapped to the entire PRSV genome (Figure 2.6). The reads mapped to the PRSV genome 
were predominantly represented by the 21 and 22nt size class (See Appendix: Figure S2.7), 
showing DCL4 (Dicer Like 4) and DCL2 dependent host response against virus infection 
(Molnar et al., 2005; Deleris et al., 2006; Silva et al., 2011).  
Despite the high abundance of total sRNAs in the cell, only a small portion of the 
cellular sRNA population is represented by more than one copy (Figure 2.3).  About 85% of 
the unique sequences in all three papaya libraries were represented by single copy reads. 
The proportion of the single copy reads in six sRNA datasets form other plant species 
generated independently by different labs were also in the same range, implying that this is 
the nature of cellular sRNA (See Appendix: Figure S2.4). Most of the single copy reads map 
to overlapping genomic loci that are different from others by only a few nucleotides (See 
Appendix: Figure S2.3), showing that the reads are the product of imprecise dicer 
processing from the common transcript. Transcription of these single copy sequences from 
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overlapping genomic loci suggests that their role in regulation, if any, is at the chromatin 
level, rather than posttranscriptional regulation at RNA level, which requires more 
specificity and abundance of the RNA molecule.  
We identified 60 miRNA previously not reported in papaya. One conserved miRNA 
(miR162) was previously reported, in the papaya root transcriptome (Porter et al., 2008). 
It was not found in our library, possibly because of different tissue and developmental 
phase we have used. We found more papaya specific miRNA than those conserved in other 
species. The highly conserved and ancient miRNAs show higher expression level than 
species specific and young miRNA (Ma et al., 2010; Axtell et al., 2011). Similar expression 
bias was observed in papaya miRNA (Table 1.1).  
Of the 60 total annotated miRNA, 24 from 18 families showed homology to the 
miRNAs from other species, and 36 from 35 families were novel miRNA specific to papaya. 
This number is much smaller than the numbers reported in other plant species. Although 
not true for all species, the number of miRNAs appeared to be correlated with the number 
of whole genome duplication events in those species (See Appendix: Table S2.3). We 
observed fewer miRNAs in papaya than most of other angiosperm species, as previously 
reported for protein coding genes. This could be partly explained by the lack of whole 
genome duplication in papaya (Ming et al., 2008). 
A total of 35 of the 60 identified miRNA showed tissue specific expression in papaya. 
Because of the highly variable nature of miRNA expression in tissues and transient nature 
of several miRNAs, we couldn’t normalize the qPCR data with any housekeeping genes 
(miRNA or siRNA), so the qPCR data was normalized to the initial amount of input RNA. 
The qPCR data are mainly presented for detection purpose and cannot be interpreted as 
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true expression level. We relied on the deep sequencing reads normalized to per million 
reads to present the miRNA expression level (Table 1.1). Of the 36 novel miRNAs annotated 
from papaya, 28 were recorded from only one tissue, indicating the tissue specific function 
of these new miRNAs.  
The complementary strand of miRNAs, miRNA*, degrades after the guide strand in 
incorporated into the RISC complex. We observed significant accumulation of the miRNA* 
in PRSV infected leaves (Figure 2.2), suggesting that it has a potential regulatory function in 
stressed conditions. Recent studies have pointed that the potential function of miRNA* has 
been implicated in mammalian cells (Kuchenbauer et al., 2011; Liu et al., 2011; Yang et al., 
2011). Higher expression or miRNA* and its regulatory role by targeting mRNA has been 
shown in plant-micorrhizal symbiosis (Devers et al., 2011). Star strand of Arabidopsis 
miR171a (miR171a*) functions as a regulatory molecule by targeting a recently evolved A. 
thaliana specific gene (Manavella et al., 2012). In Drosophila, AGO2 preferentially selects 
the miRNA* from the miRNA/miRNA* duplex (Okamura et al., 2009). AGO2 plays an 
important role in defense against Flock House Virus (FHV) in Drosophila and mosquito (Li 
et al., 2002; Voinnet, 2005). We observed elevated accumulation of miRNA* for nine miRNA 
and seven of them were in PRSV infected leaves, further supporting its role under stressed 
conditions. 
 
Conclusions 
This is the first report of an asymmetric purine-pyrimidine distribution in the endogenous 
small RNA population. The sRNAs are generated in the form of an RNA duplex formed by 
Watson-Crick base pairing. If one of the strands in the duplex is purine-rich, the 
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complementary strand should be pyrimidine-rich; thus, in the total population, the purine-
rich strand is expected to be equal to the pyrimidine-rich strand, according to Chargaff’s 
rule. We propose that the observed asymmetric accumulation is due to an active selection 
mechanism in the cell. Although it needs to be experimentally verified, it is mostly likely to 
be the mechanism to select the effector strand from the sRNA duplex generated by the 
dicer enzyme. 
 The expression of cellular sRNAs varies in different tissues and genomic locations. 
The majority of cellular sRNAs are represented by only one copy, and they come from 
overlapping genomic locations. The sRNAs functioning in posttranscriptional gene 
regulation are expected to have high specificity to the target and are expressed in higher 
levels. The large number of single copy sRNAs may function in chromatin level gene 
silencing. Relatively small numbers of sRNA in the cell are expressed in multiple copies and 
these might function at the post-transcriptional level.  
The 21nt and 24nt sRNAs also showed distinct genomic features. The 21nt 
producing loci are scattered in the genome and expressed excessively from some isolated 
locations, whereas 24nt species are almost evenly distributed throughout the genome. The 
21-22nt sRNAs were highly accumulated in virus-infected tissue, relative to the 23-24nt 
species. This difference in expression pattern between 21 and 24nt species calls for further 
investigation on their regulation at the molecular level. 
 We annotated 60 miRNAs in papaya, of which 24 were conserved in other species, 
while 36 were not yet reported in other species and may be specific to papaya. Analyzing 
the annotated miRNA expression in papaya shows higher accumulation of some miRNA* in 
virus infected tissue. The higher accumulation of the passenger strand compared to the 
 51 
guide strand shows the potential function of these RNA copies in some specific conditions.  
 
Methods 
Plant materials 
The papaya trees were maintained at the Kunia station, Oahu, at the Hawaii Agricultural 
Research Center. The leaf tissues were collected from one to three week old ‘SunUp’  plants. 
The flowers were collected from ‘AU9’ female plants one to three weeks after flowering. 
The PRSV infected leaves were collected from two to three week old ‘AU9’ male plants. 
 
Small RNA extraction, library construction, sequencing 
Total RNA was extracted using TRI Reagent (Molecular Research Center) from the three 
samples. The total RNA was sent to Illumina (Hayward, CA, http://www.illumina.com) for 
sRNA library construction. According to Illumina, sRNA was gel-sized to a 18-33nt range 
and the library is constructed using approaches described in (2007) with some 
modifications. Thus constructed library was sequenced with the Sequencing-by-synthesis 
(SBS) technology on an Illumina Genome Analyzer II. The final sequence was processed to 
remove 3’ and 5’ adapters and used for downstream analysis. Of the 18-33 nucleotide raw 
reads, 18-26nt reads were used for the downstream analysis.  
 
Micro RNA identification 
The miRNA precursor sequence was annotated from deep sequencing reads using the 
miRDeep algorithm (Friedlander et al., 2008) optimized for plant miRNA . The 
computationally predicted precursor sequences were further screened on the Rfam web 
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server (Gardner et al., 2011) to remove any false predictions from rRNAs and tRNAs and to 
confirm the homology of conserved miRNA families.  The final screened stem-loop 
structure (See Appendix: Figure S2.8) was detected using the mfold web server (Zuker, 
2003).  
 
qRT-PCR analysis of annotated miRNAs 
The annotated miRNAs were tested for their expression by stem-loop qRT-PCR (Mestdagh 
et al., 2008).  In brief, the stem-loop RT oligos were designed for each miRNA with six 
nucleotides at the 3’ end complementary to the six nucleotides at the 3’ end of the miRNA 
(See Appendix: Table S2.4). Reverse transcription reactions with the stem-loop oligos form 
the total RNA extracted from the respective tissues to generate the sRNA cDNA. The cDNAs 
were used as a template for qRT-PCR. For the qRT-PCR reaction, the DNA oligo 
complementary to the miRNA sequence, excluding the six nucleotides from the 3’ end, was 
used as the forward primer while the reverse primer was universal for all miRNAs and 
complementary to the 5’ end of the stem-loop primer used for cDNA synthesis.  
 
NCBI small RNA data used for the analysis: 
Arabidopsis thaliana-GSM253622 - GSM253625; Populus trichocarpa-GSM717875; 
Medicago truncatula-GSM769274; Arachis hypogea (peanut)- GSM769281; Phaseolus 
vulgaris-GSM769290; Glycine max- GSM769284 
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Tables and Figures 
 
Table 2.1: Expression analysis of papaya micro RNAs 
 MiR ID qPCR fold change  Deep sequencing reads per million 
Flower Leaves PRSV 
infected 
leaves 
Flower Leaves PRSV 
infected 
leaves 
1 cpa-MIR156/57a 1.00 1.46 2.70 132.68 2426.48 1093.61 
2 cpa-MIR156/57b 1.00 0.09 0.03 132.47 815.04 540.48 
3 cpa-MIR159a 1.00 0.80 0.05 441.84 805.61 0.00 
4 cpa-MIR159b 
1.00 0.06 0.03 
0.00 0.00 0.67 
5 cpa-MIR159/319 1.07 0.00 0.00 
6 
cpa-MIR160 1.00 0.18 0.46 19.32 16.08 11.32 
cpa-MIR160* 1.00 0.32 27.34 0.00 0.00 191.11 
7 cpa-MIR164 1.00 0.10 0.25 229.94 114.05 77.69 
8 cpa-MIR165/166a 
1.00 1.20 0.70 
16800.30 29790.5 21150.36 
9 cpa-MIR165/166b 4096.54 8447.99 6703.93 
11 cpa-MIR165/166c 0.00 161.8 0.00 
10 cpa-MIR166b* 1.00 0.47 29.51 0.00 0.00 456.35 
 cpa-MIR166c* 0.00 83.60 0.00 
12 cpa-MIR167a 
1.00  1.17  2.30  
171.54 155.63 35.74 
13 cpa-MIR167b 60.11 650.83 176.68 
14 cpa-MIR167c 17.60 4725.63 1581.26 
 cpa-MIR167* 1.00 1.13 0.46 0.00 168.50 0.00 
15 cpa-MIR169 1.00 0.19 0.26 0.00 0.00 0.44 
16 cpa-MIR170/71 1.00 0.41 0.69 22.97 94.32 35.96 
17 cpa-MIR172 1.00 0.07 0.13 5.58 0.00 0.00 
18 
cpa-MIR390 1.00 0.48 1.14 428.53 0.00 0.00 
cpa-MIR390* 1.00 0.12 0.31 0.00 0.00 8.88 
19 
cpa-MIR393 1.00 0.57 0.43 1.50 0.00 0.00 
cpa-MIR393* 1.00 0.42 6.79 0.00 0.00 11.10 
20 cpa-MIR394 1.00 0.70 0.57 167.67 202.80 116.31 
21 cpa-MIR395 1.00 1.36 0.54 0.00 1.50 7.10 
22 
cpa-MIR396 1.00 2.63 0.15 0.00 55.74 0.00 
cpa-MIR396* 1.00 0.72 5.25 79.01 0.00 1021.03 
23 cpa-MIR408 1.00 0.11 0.15 9.23 0.00 0.00 
 
cpa-MIR408* 1.00 0.16 12.41 0.00 4.07 45.72 
24 cpa-MIR535 1.00 0.51 0.23 292.63 686.85 348.48 
25 cpa-MIR-novel_01 1.00 0.60 0.71 13.31 30.87 9.10 
26 cpa-MIR-novel_02 1.00 0.15 1.43 225.86 69.46 3595.35 
27 cpa-MIR-novel_03 1.00 0.22 30.76 8.37 8.15 19.31 
28 cpa-MIR-novel_04 1.00 0.19 0.36 3.01 6.43 3.33 
29 cpa-MIR-novel_05 1.00 0.20 0.82 110.14 134.84 21.75 
30 
cpa-MIR-novel_06 1.00 0.11 0.52 54.10 40.52 0.00 
cpa-MIR-novel_06* 1.00 0.19 284.64 0.00 0.00 108.10 
31 cpa-MIR-novel_07 1.00 0.15 4.12 3.44 0.00 1.55 
32 cpa-MIR-novel_08 1.00 0.22 0.16 0.00 1.29 0.00 
33 cpa-MIR-novel_09a 1.00 0.30 0.29 0.00 0.64 0.00 
34 cpa-MIR-novel_09b 1.00 0.45 0.44 0.00 13.51 29.30 
35 cpa-MIR-novel_10 1.00 2.15 1.67 71.71 0.00 0.00 
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Table 2.1 (Cont.) 
 MiR ID qPCR fold change  Deep sequencing reads per million 
Flower Leaves PRSV 
infected 
leaves 
Flower Leaves PRSV 
infected 
leaves 
36 cpa-MIR-novel_11 1.00 0.73 0.44 57.75 0.00 0.00 
37 cpa-MIR-novel_12 1.00 0.02 0.14 37.36 0.00 0.00 
38 cpa-MIR-novel_13 1.00 0.53 0.63 6.44 0.00 0.00 
39 cpa-MIR-novel_14 1.00 0.28 0.00 5.37 0.00 0.00 
40 cpa-MIR-novel_15 1.00 0.29 0.28 4.29 0.00 0.00 
41 cpa-MIR-novel_16 1.00 0.28 0.56 3.01 0.00 0.00 
42 cpa-MIR-novel_17 1.00 0.00 0.51 2.58 0.00 0.00 
43 cpa-MIR-novel_18 1.00 0.87 2.52 2.58 0.00 0.00 
44 cpa-MIR-novel_19 1.00 0.24 0.65 2.58 0.00 0.00 
45 cpa-MIR-novel_20 Not detected by qPCR 4.07 0.00 0.00 
46 cpa-MIR-novel_21 1.00 0.29 0.24 2.36 0.00 0.00 
47 cpa-MIR-novel_22 1.00 1.69 0.29 2.15 0.00 0.00 
48 cpa-MIR-novel_23 1.00 0.28 0.19 2.15 0.00 0.00 
49 cpa-MIR-novel_24 1.00 0.13 0.00 0.00 12.22 0.00 
50 cpa-MIR-novel_25 1.00 0.14 0.00 0.00 9.00 0.00 
51 cpa-MIR-novel_26 1.00 0.37 0.48 0.00 5.57 0.00 
52 cpa-MIR-novel_27 1.00 1.00 0.10 0.00 4.07 0.00 
53 cpa-MIR-novel_28 Not detected by qPCR 0.00 2.36 0.00 
54 cpa-MIR-novel_29 1.00 0.04 0.11 0.00 3.22 0.00 
55 cpa-MIR-novel_30 1.00 0.42 0.22 0.00 3.00 0.00 
56 cpa-MIR-novel_31 1.00 0.21 0.88 0.00 2.79 0.00 
57 cpa-MIR-novel_32 1.00 0.17 0.40 0.00 2.14 0.00 
58 cpa-MIR-novel_33 1.00 6.94 5.25 0.00 0.00 6.66 
59 cpa-MIR-novel_34 1.00 0.00 2.06 0.00 0.00 6.66 
60 cpa-MIR-novel_35 0.00 1.00 3.60b 0.00 0.00 2.44 
a – qPCR primers can not distinguish between the members of the micro RNA families miR159, miR166/165, 
miR166*, and miR167- the members of these families are tested together.  
b - normalized on leaf expression level since no expression detected on flower 
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Figure 2.1: PRSV infection causes higher expression of 21 and 22nt sRNAs. A. Size distribution 
of unique populations. B. Size distribution of total redundant reads.  
 
 
 
 
 
Figure 2.2: miRNA* is accumulated in the virus infected tissue.  
The y-axis represents the reads per million in respective libraries on a log10 scale. The bar above 
the base line represents the guide strand and the bar below the base line represents the passenger 
strand in each library. Only the miRNAs whose miRNA* strand was encountered more than 40 
times are included in this figure.  
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Figure 2.3: The majority of the sRNA sequences in the cell are represented by only 
one copy. The y-axis represents the number of unique reads and the x-axis shows the 
number occurrences in each library. The reads occurring more than 10 copies in the 
libraries follow the same trend and are not shown in this figure. 
  
 
 
Figure 2.4: Mapping 21nt and 24nt reads to the genome shows higher expression of 21nt 
sequences from some genomic islands while 24nt sequences are evenly distributed 
throughout the genome. The horizontal bar represents nine unordered papaya chromosomes. The 
black lines represent 21nt reads and the green lines represent 24nt reads 
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Figure 2.5: Endogenous sRNA populations are overrepresented by purine-rich sequences, 
but miRNAs do not show this bias.  A. Distribution of purine-rich and pyrimidine-rich papaya 
sRNA populations. The reads above zero are rich in purine and below zero are rich in pyrimidine. B. 
Weblogo representation of randomly picked 10,000 sRNA reads of 21nt and 24nt. The Y-axis 
represents the bit score, which can be a maximum of 4 for complete conservation of a nucleotide. 
The letter on the top is present highest in the sample. C. Distribution of purine and pyrimidine in 
annotated miRNAs from miRBASE in 4 species (Arabidopsis thaliana, Medicago truncatula, Populus 
trichocarpa, Oryza sativa, and Carica papaya). 
 
 
 
 
Figure 2.6: Small RNA mediated transgene silencing in papaya.  Map showing the alignment of 
sRNAs from three papaya libraries to Papaya Ringspot Virus (PRSV) genome. Top panel – sRNAs 
from transgenic cultivar, SunUp; bottom two panels – sRNAs from non-transgenic cultivar, AU9. The 
X and Y-axis shows the PRSV genome (10.3kb) and the sRNA alignment density, respectively. The 
green box shows the coat protein region of PRSV genome. 
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CHAPTER 3 
 
 
Analysis of papaya small regulatory RNA identifies the position 
of the centromere on papaya sex chromosomes 
 
Abstract 
Recently discovered small non-coding RNAs (sRNA) have emerged as important regulators 
of gene expression in higher eukaryotes. Additionally, sRNAs play important roles in 
maintaining the heterochromatin and centromere structures of the chromosome. 
Furthermore, small RNAs, particularly miRNAs, have been shown to regulate the sex 
differentiation in maize. Unlike maize, papaya is a trioecious species and offers a better 
model system to study the sex differentiation/determination in plants. Here, we analyzed 
the high throughput sRNAs reads from male, female, and hermaphrodite flowers of papaya. 
We detected the expression of 53 miRNAs in papaya flowers, of which 26 were conserved 
in other plant species and 27 were specific to papaya. A total of 12 miRNAs (including 10 
conserved and two papaya-specific) showed the differential expression in the flowers of 
different sex types. The miRNAs that were expressed higher in male flowers were mostly 
related to the auxin signaling pathways, while the miRNAs expressed higher in female 
flowers were the potential regulators of the apical meristem identity genes. Mapping the 
sRNAs to the papaya sex chromosomes identified the location of centromere on these 
chromosomes. The identified centromeres in the X and Y chromosome are about 1.6 Mb 
apart from each other suggesting that the inversion on Y chromosome that caused the 
inception of papaya sex chromosomes occurred at pericentromeric region shifting the 
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position of the centromere on the Y chromosome relative to the centromere of the X 
chromosome. 
 
Introduction 
Micro RNA (miRNA) and small interfering RNA (siRNA) are the two major classes of 
endogenous regulatory RNAs found in higher plants. These sRNAs are processed from RNA 
duplexes by a dicer family protein producing the approximately 21-24nt final products. 
Many miRNAs regulate various developmental processes by sequence directed silencing of 
the mRNA at a posttranscriptional level (Reinhart et al., 2002; Rhoades et al., 2002; Bartel 
and Bartel, 2003; Bartel, 2004; Axtell et al., 2007). The siRNAs regulate the genome 
function both at transcriptional and posttranscriptional levels through RNA guided DNA 
methylation and RNA guided RNA silencing, respectively (Bernstein and Allis, 2005; Cantu 
et al., 2010).  
Spatial and temporal pattern of organ formation in plant bodies are regulated at 
various levels by sRNA mediated gene silencing. The development of the male and female 
gametophyte is regulated by the combinatorial action of various sRNAs (Grant-Downton et 
al., 2009; Olmedo-Monfil et al., 2010). In Arabidopsis, early embryo patterning and 
transition from juvenile to adult plant is regulated by miR156 (Wu et al., 2009; Nodine and 
Bartel, 2010; Kim et al., 2012). In rice, Arabidopsis, and maize, mir166 regulates the 
adaxial/abaxial patterning of the leaves (Juarez et al., 2004). Micro-RNAs and other sRNAs 
are an important regulators of flower development and floral organ identity in many plant 
species (Aukerman and Sakai, 2003; Achard et al., 2004; Chen, 2004; Cartolano et al., 2007; 
Zhao et al., 2007; Yamaguchi et al., 2009; Kim et al., 2012). Further analysis of sRNA 
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transcriptome in various organs, tissues, and developmental phases will provide a better 
understanding on their function in plant development and organogenesis. 
Evidence suggests that miRNA regulates the sex differentiation in many plant 
species (Chuck et al., 2007; Zhao et al., 2007; Banks, 2008). Differential expression of 
miRNAs regulating carpel and stamen development of a flower can ultimately lead to the 
development of unisexual flowers leading to the sexual differentiation in plants. In maize, 
miR172 maintains the unisexual nature of the tassel by suppressing carpel development 
genes (Chuck et al., 2007). In Petunia hybrida and Antirrhinum majus, the miR169 family 
genes, miRBL and miRFIS, restrict the expression of C class homeodomain genes at the 
center of the flower. Plants defective in these miRNA genes produce the female flowers on 
genetically hermaphroditic individuals (Cartolano et al., 2007). Small RNAs are also 
important in maintaining the integrity of sex chromosomes by methylating the non-
recombining regions during meiotic prophase (She et al., 2009). The male specific region of 
papaya Y chromosome is highly methylated and heterochromatized, suggesting that the 
sRNAs may be involved in maintaining the integrity of the papaya sex chromosomes (Zhang 
et al., 2008). Analyzing the sRNA transcriptome in dioecious plants will provide a further 
insight into the role of sRNAs in evolution of sex chromosomes and sex determination 
system in plants. 
Papaya (Carica papaya) is a model species to study the plant sex determination 
system. It is a trioecious species with three sex types, hermaphrodite, male, and female. It 
belongs to the family Caricaceae, which comprises 35 species in six genera including one 
monoecious, 32 dioecious, and two trioecious species. Papaya diverged from its closest 
monoecious relative (Vasconcellea monoica) about 27.5 million years ago (Carvalho and 
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Renner, 2012). Sex expression in papaya is controlled by a pair of recently evolved sex 
chromosomes. The male and hermaphrodite characteristics are determined by two slightly 
different Y-chromosomes, Y and Yh, respectively (Storey, 1953; Ming et al., 2007). The 
genotype XX determines female, XY determines male, and XYh determines hermaphrodite. 
All combinations of Y and Yh are embryonic lethal, indicating that the Y and Yh 
chromosomes have lost some genes necessary for embryo development (Storey, 1953). The 
Y and Yh chromosomes show 98.9% sequence similarity on average, differing mainly in 
intergenic and repetitive regions (Yu et al., 2008). 
Sequencing the hermaphrodite specific Y (HSY) region on the Yh chromosome and 
the corresponding X chromosome have produced 8.1 and 3.4 Mb pseudomolecules for the 
sex determining regions of the respective chromosomes (Gschwend et al., 2012; Wang et 
al., 2012). Two large-scale inversions and several intrachromosomal rearrangements were 
identified on the HSY, which may have caused the suppression of recombination between 
the homologous pair. Annotation of protein coding genes revealed the rapid genetic 
degeneration of the sex specific region of the Y chromosome and the corresponding region 
on the X chromosome. Analyzing the sRNA transcriptome from the papaya sex 
chromosome will help to understand the epigenetic aspects of the recently evolved sex 
chromosome. 
 We previously presented the genome-wide analysis of papaya sRNA including the 
conserved and novel miRNA genes (Aryal et al., 2012). In this study, we present the 
analysis of small regulatory RNAs in male, female, and hermaphrodite flowers of papaya. 
We have identified 12 miRNAs from the sex specific regions of the papaya sex 
chromosomes. The expression of miRNAs in the flowers of three papaya sex types is 
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analyzed. We discuss the potential role of the sRNAs in the evolution of the sex 
chromosome and sex determination in plants. 
 
Results 
Sequencing small RNAs from papaya flowers 
Small RNA libraries were constructed from male, female, and hermaphrodite flowers and 
sequenced using the Illumina Genome Analyzer II.  After adapter trimming and removing 
the low quality reads, a total of 1.6 million reads from male, 3.6 million reads from female, 
and 1.8 million reads from hermaphrodite flowers were obtained for further analysis 
(Table 3.1). The sRNA libraries were mainly represented by 21nt and 24nt species (Figure 
3.1). The 21 and 24nt sRNA constituted 20% and 36% of the unique reads in male library, 
16% and 46% of the unique reads in female library, and 18% and 37% of the unique reads 
in hermaphrodite library, respectively. The 5’ nucleotide of the 21nt and 24nt species was 
mostly represented by uracil and adenine, a typical feature of miRNAs and siRNAs, 
respectively.  
 
Identification of novel miRNAs from papaya sex chromosomes 
We used the sRNA libraries previously described in Aryal et al. (2008) to identify the 
miRNA genes on the papaya sex chromosomes. The libraries had higher sequencing depth; 
includes different tissues, flower, leaves, and virus infected leaves; and represents all three 
sex types, presenting the higher probability of finding miRNAs expressed in different 
tissues and sex types. The sRNA reads were mapped onto the papaya sex chromosomes 
using the bowtie short reads aligner. Only the reads with 100% sequence identity to the 
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chromosomes were used for the novel miRNA identification.  The genomic sequences 
surrounding the aligned reads were used to predict the stem-loop structure for the pre-
miRNA. We used the miRDeep algorithm optimized for identification of miRNAs in plants 
(Friedlander et al., 2008; Yang and Li, 2011). Our analysis led to the identification of 12 
novel miRNAs from the papaya sex chromosomes based on the presence of miRNA* 
sequences (Table 3.2). Of the 12 miRNAs, two were identified on the MSY and HSY and 10 
on the X chromosomes. The two Y specific miRNAs were detected only in male or 
hermaphrodite tissue but not in female tissue. The 10 miRNAs specific to the X 
chromosome were expressed in all sex types. The Y and Yh specific miRNA were 22nt long 
while the X specific miRNAs were 21 and 24nt long. Homologous sequence for these 
miRNAs was not found in either of the Rfam or miRBase databases, suggesting that these 
miRNAs may be specific to papaya. 
 
MiRNA abundance in papaya flowers 
We analyzed the expression of annotated papaya miRNAs in the small RNA libraries from 
male, female, and hermaphrodite flowers. Altogether 53 miRNAs were detected in at least 
one of the three libraries. Of the 53 miRNAs, 32 were reported in previous studies (Porter 
et al., 2008; Aryal et al., 2012). We identified 21 additional miRNAs from the 3 flower 
libraries. Of the 21 newly identified miRNAs, 9 were the conserved miRNAs from 
autosomes while the 12 new miRNAs were annotated from the sex chromosomes. The 
papaya specific miRNAs were expressed at low level in all three libraries. One of the two 
miRNAs identified on MSY and HSY was detected only in the male library and the other was 
found in both, male and hermaphrodite libraries. The X chromosome miRNAs were 
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detected in all three libraries. Eight of the 10 miRNAs specific to the X chromosomes 
showed higher expression in male flowers than in female flowers (Table 3.2). Of the 41 
autosomal miRNAs (26 conserved and 15 papaya specific), 12 miRNAs showed at least two 
fold difference in the expression level among the three sex types (Table 3.3, figure 3.2). Five 
miRNAs were expressed higher in male flowers, compared to female and hermaphrodite 
flowers, two miRNAs were expressed higher in female flowers compared to male and 
hermaphrodite, and one miRNA was expressed higher in hermaphrodite flowers compared 
to male and female flowers. Three miRNAs showed higher expression in male and 
hermaphrodite flowers compared to the female flowers while one miRNA was expressed 
higher in female and male flowers compared to the hermaphrodite flowers.  
 
Small RNA landscape on papaya sex chromosomes 
We mapped the sRNA reads from the three libraries to the papaya sex chromosomes (Table 
3.1). The number of reads mapped to the MSY was higher than that of HSY, indicating that 
the MSY is transcriptionally more active than HSY. Approximately 3.5% of the unique reads 
from each library were aligned to the HSY, 5.5% to the MSY, and 4% to the X chromosome.  
The HSY physical map contains a large gap on the border A (border A represents the left 
border and border B represents the right border in each chromosome) and the 
corresponding X sequence contains a gap in the middle of the physical map. We observed 
the higher expression of sRNAs adjacent to the gaps of the HSY and X pseudomolecules, the 
350kb region adjacent to the border A of HSY and 60kb (~30kb on either side) region 
spanning the gap on X chromosome (figure 3.3). Approximately 19% of the total read 
aligned to the HSY was mapped to the 350kb (4.3% of the pseudomolecule) and 14% of 
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unique reads aligned to X chromosome were mapped to the 60kb (1.7% of the 
pseudomolecule) regions adjacent to the gaps of respective chromosomes. Similar pattern 
of elevated sRNA expression is observed in the pericentromeric regions of Arabidopsis (Lu 
et al., 2005; Lu et al., 2006). The elevated sRNA expression near the gaps of the papaya sex 
chromosome suggests that these regions are on the pericentromeric region of the 
chromosome. Furthermore, the pericentromeric small RNAs are highly conserved among 
the chromosomes in the yeast species, Schizosaccharomyces pombe (Reinhart and Bartel, 
2002). We analyzed the conservation of the sRNAs between two putative pericentromeric 
regions of the papaya sex chromosomes. About 63% of the sRNAs aligned to the 
pericentromeric region of the Y chromosome were also aligned to the pericentromeric 
region of the X chromosome. Similarly, about 76% of the sRNAs aligned to pericentromeric 
region of the X chromosome also aligned to the pericentromeric region of the Y 
chromosome.  
The papaya Y chromosomes differ from the X chromosome by two large scale 
inversions (Wang et al., 2012). Our data suggest that the first inversion may have occurred 
at the pericentromeric region of the Y chromosome changing the position of the 
centromere relative to the centromere of the X chromosome. To test this hypothesis, we 
searched the protein coding genes adjacent to the gaps of the Y and X chromosomes. One X 
specific gene was located 65.5 kb away from the gap on X chromosome towards the ‘border 
B’, indicating that the corresponding Y copy of this gene is moved with the first inversion. 
There was no protein coding genes located on the first 478kb region of the HSY. 
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Discussions 
The papaya MSY and HSY have been mapped near the centromere of both Y and Yh 
chromosomes (Liu et al., 2004; Ma et al., 2004; Yu et al., 2007). A physical map of the MSY 
and HSY has been generated, but a large unfilled gap remains at the ‘border A’ region. 
Similarly, a gap remains in the middle of the X chromosome physical map (Na et al., 2012; 
Wang et al., 2012). Analysis of repeat sequence has indicated that the centromere is located 
in the middle of the X chromosome where the gap remains on the physical map (Gschwend 
et al., 2012). We observed a gradual increase in sRNA expression towards the gaps of each 
chromosome suggestive of the centromeric location on these gaps (figure 3.4). Similar 
pattern of sRNA expression at the pericentromeric region of the chromosomes has been 
observed in other plant species (Lu et al., 2005; Lu et al., 2006; The International 
Brachypodium Initiative, 2010). The sRNA sequences aligned to the pericentromeric 
regions were highly conserved between X and Y chromosomes with up to 76% of sequence 
mapped to these regions being common in both, providing further evidence for the location 
of the centromere in the respective gaps. High conservation among the sRNA sequences 
expressed from the pericentromeric regions of different chromosomes was also observed 
in the yeast centromeres (Reinhart and Bartel, 2002). The centromeric sequences of the 
chromosomes remain elusive in the assemblies of many genomes due to their highly 
repetitive nature (Hayden and Willard, 2012). To date, complete sequence for the 
centromeric region is available only for chromosome 8 of rice (Nagaki et al., 2004). The 
remaining gap on the physical maps of the papaya sex chromosome further suggests that 
the centromeres of these chromosomes may be located in these regions.  
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Subsequent to the identification of the centromeric positions, our results identify 
the approximate location of first inversion event on the papaya Y chromosome. If the 
centromere of the X and Y chromosome is located in the respective gap of the physical map, 
the two centromeres will be approximately 1.6 Mb apart, suggesting that the first inversion 
on the Y chromosome occurred at the pericentromeric region spanning the centromere 
(figure 3.4). The presence of an X specific gene close to the gap on X chromosome indicates 
that the Y copy of the gene may be located on the gap. Premature separation of the papaya 
sex chromosomes compared to the autosome has been detected in meiotic anaphase 
(Kumar et al., 1945). This premature separation may be due to the reduced crossing over 
between two sex chromosome and improper alignment of the centromere due to their 
shifted position relative to each other.  
Although the length of the HSY is more than twice that of its X counterpart, we 
identified only 2 miRNAs on the HSY and MSY while 10 miRNAs were found on the 
corresponding X chromosome. Similar to the miRNA genes, there were fewer protein-
coding genes in HSY compared to its X counterpart (Gschwend et al., 2012; Wang et al., 
2012). The fewer functional miRNA genes on HSY and MSY may be due to the higher 
genetic degeneration on the Y chromosome compared to the X chromosome or due to the 
recent expansion of miRNA genes in X chromosome. The miRNAs in the mammalian X 
chromosome has expanded recently by extensive gene duplication. Interestingly, the X 
chromosome miRNAs show higher expression in male reproductive organs (testis) 
(Murchison et al., 2008; Li et al., 2010; Meunier et al., 2012). Although the difference is 
small, we observed higher expression of the papaya X chromosome miRNAs in male tissue. 
All the 12 miRNAs identified in sex chromosomes were specific to papaya and not reported 
 78 
in other plant species, which may imply that they function in sex determination and 
differentiation in papaya. The two miRNAs from the Y chromosome were 22nt long and 
expressed only in male plants. The 22nt miRNAs have been implicated in triggering the 
secondary siRNA production, which is required for silencing the non-recombining regions 
of sex chromosomes that is highly heterochromatic (Chen et al., 2010; Cuperus et al., 2010). 
Further functional analysis of the identified miRNA from the papaya sex chromosomes will 
help to elucidate the evolution of the sex determining regions. 
We identified 12 differentially expressed miRNAs in the flowers of different papaya 
sex types (Table 3.2, figure 3.3). Four miRNAs that are expressed highest in male flowers 
(miR160, miR167, miR169, and miR393) have been shown to target the genes in auxin 
signaling pathway (Mallory et al., 2005; Liu and Chen, 2009; Liu et al., 2009). The miRNAs 
expressed highest in the papaya female flowers (miR164, miR166, and miR394) are mainly 
involved in regulating the embryo patterning and floral meristem identity genes (Mallory 
et al., 2004; Jung and Park, 2007; Knauer et al., 2013). Even though we observed the 
differential expression of these miRNAs in different sex types, some expression was 
detected in all types of flowers and the differences in expression level were rather low, 
indicating that the observed differences may be the consequences of the different sexes 
than the cause of it.  
 
Materials and Methods 
Small RNA library construction and sequencing 
The sex chromosome miRNAs were identified form the sRNA library described previously 
in Aryal et al. (2012). For all other analysis the sRNA RNA libraries were constructed form 
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flowers of three papaya sex types. The libraries were constructed as described previously 
(Sunkar et al., 2008). In brief, total RNA was isolated from male, hermaphrodite, and female 
flowers using the Trizol reagent (Invitrogen USA). Low molecular weight RNA was 
enriched from the total RNA by precipitating with 0.4M NaCl and polyethylene glycol (PEG). 
The enriched low molecular weight RNA was then separated on a denaturing 15% 
polyacrylamide gel. The band corresponding to the RNA standard of 18-30 nucleotides was 
then excised from the gel and eluted overnight in 0.4M NaCl at 40C. The 5’ phosphate group 
was removed from the size selected sRNAs to prevent self-ligation, and subsequently 
ligated with 5’ and 3’ Illumina small RNA adapters. The adapter ligated library was 
enriched by PCR amplification and sequenced by Illumina sequence-by-synthesis on 
Genome Analyzer II.  
 
Identification of miRNAs from sRNA dataset 
The adapter trimmed high quality sRNA reads was aligned to papaya sex chromosomes 
using bowtie short read alignment software. The bowtie option was set to obtain only the 
reads with 100% sequence identity with the papaya sex chromosomes. The miRNA 
precursors were identified from the aligned reads using the miRDeep program modified for 
plant miRNA (Friedlander et al., 2008; Yang and Li, 2011). The maximum precursor size 
was set to 250bp in the miRDeep. The miRDeep calls the miRNA, when the miRNA and 
miRNA* was found within the 250 loci forming a stable stem-loop structure. The miRDeep-
identified precursors were further screened in Rfam and miRBase databases (Griffiths-
Jones et al., 2006; Gardner et al., 2011). The precursors identified as other class of 
noncoding RNAs in Rfam were removed from the list, the precursors identified as miRNA 
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class in Rfam and miRBase were listed as conserved miRNAs and all other are listed as 
novel papaya specific miRNAs. 
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Tables and Figures 
 
 
 
Table 3.1: Summary of the sRNA reads mapped to the papaya sex chromosomes 
Library 
Total 
reads 
Unique 
reads 
HSY MSY  X 
Number of 
unique 
reads 
aligned 
% Aligned 
Number of 
unique 
reads 
aligned 
% 
Aligned 
Number 
of unique 
reads 
aligned 
% 
Aligned 
Male 1589618 677651 26312 3.66 35467 5.23 26476 3.91 
Female 3625411 
157241
2 
49870 3.17 68226 4.34 56171 3.57 
Hermaphrodite 1757638 735026 28152 3.83 38354 5.22 29106 3.96 
 
 
 
 
 
 
 
 
 
Table 3.2: List of miRNAs annotated from papaya sex chromosomes 
MirRNA Sequence Length 
Expression per million unique 
reads 
Male Female Hermaphrodite 
HSY1 GCGAGAGUAGUACUAGGAUGGC 22 495 0 122 
HSY2 UGAUGGGAUAUGGUGCAUUAGU 22 11 0 0 
X1 CGGGCUGCUCGGUUUAGUGGG 21 259 150 135 
X2 GGUUGGACUGCUAGGUGGCCC 21 38 56 154 
X3 CAACUUUGCAUACAACUUCUU 21 33 93 384 
X4  AUACCGGACGGGGUAUGGGGACGG 24 18 97 72 
X5 UCAAGAAGAACAUUCAGACAG 21 14 5 123 
X6 UGACCAGGAACUCAUAGUGUC 21 20 16 71 
X7 UGGUACUGUGGAGGAGCAGGC 21 37 5 181 
X8 CACGGACGGCCCAGAUUCAAUCAA 24 27 70 24 
X9 AGGCGUGUAUGAUUGCGGCAA 21 21 15 97 
X10 AAUGGUAAGUGAACGGUAAAUGAU 24 27 139 137 
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Table 3.3: Expression of miRNA in male, female, and hermaphrodite flowers of papaya  
MiRNA family 
Expression (counts per million reads) 
Male Female Hermaphrodite 
MIR156 36079 5385 30491 
MIR159 8069 13077 8734 
MIR160 3291 1647 854 
MIR162 214 286 193 
MIR164 311 891 252 
MIR166 48299 74721 30625 
MIR167 6320 2433 2449 
MIR168 5124 2369 8676 
MIR169 2738 576 1060 
MIR171 1515 1079 506 
MIR172 6342 4544 5014 
MIR390 2095 1328 2109 
MIR393 900 53 61 
MIR394 483 667 189 
MIR395 17 26 34 
MIR396 3381 2149 2402 
MIR397 5 19 31 
MIR398 21 15 82 
MIR399 11 2 4 
MIR403 7 11 2 
MIR408 145 82 93 
MIR535 2852 4756 4368 
MIR894 14 8 11 
MIR2111 1 6 5 
MIR2910 26 35 72 
MIR2914 4 6 5 
CpmiR-novel_01 12 14 3 
CpmiR-novel_02 84 24 26 
CpmiR-novel_03 3 17 8 
CpmiR-novel_04 19 17 14 
CpmiR-novel_05 66 11 18 
CpmiR-novel_06 954 621 1613 
CpmiR-novel_09 8 19 11 
CpmiR-novel_10 106 6 17 
CpmiR-novel_11 93 94 92 
CpmiR-novel_12 0 0 5 
CpmiR-novel_17 1 2 2 
CpmiR-novel_25 1 2 2 
CpmiR-novel_26 0 3 1 
CpmiR-novel_28 1 1 1 
CpmiR-novel_33 13 2 4 
-The novel miRNAs are named as they appeared in Aryal et al. (2012) 
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Figure 3.1: Size distribution of small RNA reads from three libraries.   
 
 
 
 
 
Figure 3.2: Expression of the miRNAs in male, female and hermaphrodite flowers of papaya. 
The miRNAs with at least 2-fold difference in normalized read counts were taken as differentially 
expressed.  
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Figure 3.3: Mapping sRNA reads to the papaya sex chromosomes. The yellow lines show the 
gap on the physical map of the respective chromosome. The y-axis represents the sRNA alignment 
density on the respective chromosome (x-axis). 
 
 
 
 
 
Figure 3.4: Diagrammatic representation of the papaya sex chromosomes. The sex specific 
regions are shown on dark blue and pseudo-autosomal regions are shown on light blue. 
Bottom panel shows the zoomed view of sex determining region.  The blue dotted line represents 
the gap on physical map with the putative centromere represented by dotted circle. The red curves 
indicate the higher sRNA expressing loci adjacent to the gaps; the purple bar below X chromosome 
represents an X specific genes. The green dotted lines indicate approximate position for the 
inversion I (Wang et al 2012) on the Y chromosome relative to the X chromosome. 
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CHAPTER 4 
 
 
 
Whole genome methylation analysis in papaya provides the 
molecular evidence for X chromosome silencing in female 
plants 
 
Abstract 
Methylation of DNA cytosine is an important epigenetic process that regulates the gene 
expression and maintains the genome integrity by silencing the transposable elements in 
vertebrates, plants, and fungi. DNA methylation also plays an important role in stress 
response, genome imprinting, and silencing the X chromosome in mammals. The genome-
wide DNA methylation in plants, in the context of gene regulation and transposon silencing, 
has been studied in several plant species. However, the role of DNA methylation on X 
chromosome silencing and sex determination is still obscure. Here, we present a high 
resolution DNA methylation map of the trioecious papaya. We used the methylated DNA 
immunoprecipitation followed by sequencing (MdDIP-seq) approach to analyze the whole 
genome methylation in male, female, hermaphrodite and the male to hermaphrodite sex 
reversed epimutant of papaya. Higher methylation was observed on the intergenic regions 
of the genome observed than on the genic regions. The genome-wide analysis of sex 
specific methylation on the papaya draft genome identified 1,555 sites of hermaphrodite-
specific methylation, 1,399 sites of male-specific methylation, 1,399 sites of female-specific 
methylation and 4,283 sites specifically methylated in male to hermaphrodite sex reversed 
epimutants. Comparing the methylation sites on hermaphrodite specific Y (HSY) and male 
specific Y (MSY) chromosomes identified 464 sites specific to HSY and 358 sites specific to 
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MSY. The HSY specific methylation sites were highly clustered in some locations of the 
chromosome. Two major blocks of HSY specific methylation sites were identified, implying 
that the insertion of transposable elements may have caused expansion of the HSY. The X 
chromosome of papaya showed higher methylation in female plants than in hermaphrodite 
and male plants. The female specific methylation sites on the X chromosome showed the 
same distribution as the X specific genes. Five of the 34 genes specific to the X chromosome 
were methylated in females but not in males or hermaphrodites. The female specific 
methylation was not found on the XY paired genes. Our results provide the first evidence 
for X chromosome silencing in female papaya plants.   
 
Introduction 
The normal developmental process of an organism is primarily regulated by the genetic 
constituent of the underlying DNA sequences. However, the rigidly determined genetic 
mechanism does not provide enough flexibility for the organism to adapt to ever-changing 
environmental conditions. Epigenetic modifications of DNA and histones along with the 
non-coding regulatory RNAs provide a valuable flexibility under different environmental 
conditions by appropriately modulating the genome function. Most of the epigenetic 
modifications are meiotically and mitotically inheritable, yet reversible, providing an 
option for setting and resetting of gene expression during plant development (Steimer et 
al., 2004). Plants perceive various developmental and environmental cues through 
different signal transduction pathways and utilize those signals for epigenetic 
programming of the genome. Some of those epigenetic memories are inherited to the next 
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generation (Verhoeven et al., 2010; Mirouze and Paszkowski, 2011). The reversible change 
in phenotypes caused by epigenetic modification of DNA is termed as epimutation.  
Methylation of 5’ carbon of cytosine residues of DNA is a major type of epigenetic 
modification in the eukaryotic genome. DNA cytosine methylation plays an important role 
in viral defense, transposon silencing, transcription regulation, X chromosome inactivation 
in females, and genome imprinting (Goll and Bestor, 2005; Zhang et al., 2006; Zilberman et 
al., 2007; Feng et al., 2010; Law and Jacobsen, 2010). Evolutionary analysis shows a mosaic 
pattern of the genome methylation across different phylogenetic lineages; some 
methylation sites are highly conserved among different lineages, while others are highly 
variable even among the closely related taxa (Suzuki and Bird, 2008; Zemach and 
Zilberman, 2010). The proportion of methylated cytosine increases with the increase in CG 
content of the genome, whereas the unmethylated cytosine is more or less constant among 
different species (Montero et al., 1992). Analysis of genomic methylation patterns in 
different model systems will help to expand our understanding of evolutionary and 
developmental consequences of such epigenetic variation. 
The cytosine methylation in plants occurs in three sequence contexts – CG, CHG, and 
CHH, where H denotes A, C, or T (Chan et al., 2005; Cokus et al., 2008; Lister and Ecker, 
2009). In Arabidopsis, the cytosine residue is methylated in 24% of the total CG sites, 6.7% 
of the total CHG sites, and 1.6% of the total CHH sites (Cokus et al., 2008). Methylations in 
all three contexts are abundant in the repetitive regions of the genome, while the gene body 
methylation is exclusively biased towards GC sequence context (Cokus et al., 2008). The 
gene body methylation correlates with the expression level of the gene, while the 
methylation at the promoter region determines the tissue specificity of the gene (Zhang et 
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al., 2006; Cokus et al., 2008). Genes showing tissue specific expression have their 
promoters methylated and are mostly transcription factors, while the constitutively 
expressed genes are mostly methylated on the coding regions (Zhang et al., 2006; Zhang et 
al., 2012).  
Genome-wide methylation patterns have been studied for several model plant 
species including Arabidopsis, rice, and poplar (Zhang et al., 2006; Zilberman et al., 2007; 
Cokus et al., 2008; Zemach et al., 2010; Vining et al., 2012). Analyzing the genomic 
methylation patterns in different tissues, sexes, and developmental stages of other model 
plants will help expand our knowledge on the plant epigenome. DNA methylation also plays 
an important role in regulating several sex related processes such as gene imprinting, X 
chromosome silencing, and gametogenesis (Lyon, 1961; Saze et al., 2003; Jullien et al., 
2006). At present, information on genome methylation from dioecious plants is limited to 
poplar (Vining et al., 2012). Epigenomic studies on many plant species is limited by the lack 
of sufficient genomic resources. The complete sequence for the whole genome, including 
the sex chromosomes, of papaya has already been published, making it a good model 
system to study the genome methylation in relation to different sex types (Ming et al., 
2008; Aryal et al., 2012; Gschwend et al., 2012; Wang et al., 2012). 
Chromatin remodeling and DNA methylation are important regulators of flower 
development and differentiation. Floral organ identity genes are more sensitive to 
epigenetic regulation, providing the flexibility on reproductive strategy under a variety of 
environmental conditions (Zik and Irish, 2003). Reduced DNA methylation in Arabidopsis 
displays a flower phenotype reminiscent of floral homeotic mutants (Ronemus et al., 1996). 
Complete sex reversal in response to the environmental effects has been shown in many 
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plants (Schaffner, 1919; Schaffner, 1921, 1922; Korpelainen, 1998). Molecular studies in 
such sex reversed plants have indicated that DNA methylation is an important regulator of 
sex expression in plants. In the dioecious species Silene latifolia, removal of DNA cytosine 
methylation by application of 5-azacytidine produces hermaphrodite flowers in male 
plants (Janousek et al., 1996). Similarly, loss of DNA methylation produces an aberrant 
sexual phenotype in oil palm, Elaeis guineensis (Jaligot et al., 2000; Jaligot et al., 2011). 
Frequent sex reversal between male and hermaphrodite papaya have been reported under 
various environmental conditions (Hofmeyr, 1938, 1939; Allan et al., 1987). Analysis of 
genome methylation in different papaya sex types will be helpful in understanding the 
epigenetic aspect of sex determination in plants. Here, we used methylated DNA 
immunoprecipitation followed by Illumina sequencing (MeDIP-seq) to analyze the genome 
methylation status of three papaya sexes. We present the differential methylation status of 
the papaya genome and sex chromosomes. We have generated an environmentally induced 
male to hermaphrodite sex reversed epimutant in papaya. We compare the genome-wide 
methylation difference between normal male plants and sex reversed epimutants.  
 
Results 
Induction of papaya sex reversal 
Sex reversal between male and hermaphrodite individuals by environmental and hormonal 
factors have been shown by previous research (Kumar and Jaiswal, 1984; Allan et al., 
1987). We conducted a greenhouse experiment to induce the sex reversal in papaya. One 
hundred plants from two papaya cultivars (‘SunUp’ and ‘AU9’) were grown at 32 0C and 28 
0C day and night as a standard temperature for papaya growth. After flowering, 15 male, 15 
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hermaphrodite, and 10 female plants were subjected to cold treatment of 20 0C and 12 0C 
day and night temperature respectively (Allan et al., 1987). The remaining plants were 
maintained at standard temperature as controls. All female plants developed normal 
pistillate flowers irrespective of the temperature treatment. All male plants at standard 
temperature developed clusters of normal staminate flowers while the hermaphrodite 
plants developed a solitary male flower at each node. In the cold room, 9 hermaphrodite 
and 11 male plants survived after 3 months. All hermaphrodite plants started developing 
normal hermaphrodite flowers and 9 of the 11 male plants developed a mixture of male 
and hermaphrodite flowers in clusters (figure 4.1). The male to hermaphrodite sex 
reversed plants started to produce normal male flowers after returning to the standard 
temperature, suggesting that the sex reversal is epigenetic. Hence, this sample was used for 
the methylation analysis. The male to hermaphrodite sex reversed sample is denoted as 
MH hereafter.  
 
Methylated DNA immuno-precipitation sequencing (MeDIP-seq)  
 Sequencing libraries were constructed from immunoprecipited DNA using an anti 
methylcytosine antibody. The libraries prepared from each of the three papaya sex types 
and the male to hermaphrodite sex reversed epimutant were sequenced on the Illumina 
Hiseq2000 platform. Approximately 35 million 100bp reads were obtained from each 
sample providing 10X genome-wide coverage. After removing the low quality reads, 
approximately 81% non-redundant high quality reads were obtained from each sample 
(See Appendix: Table S4. 1). The adapter-removed high quality non-redundant reads were 
used to identify the methylated peaks in the papaya genome.  
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Genome-wide methylation analysis in papaya 
The non-redundant MeDIP reads were mapped to the nine papaya chromosomes (Ming et 
al., 2008; Zhang et al., 2010). The methylated peaks were identified from the mapped 
MeDIP reads using the model based peak calling software package, MACS (Zhang et al., 
2008). A total of 23,640 methylation sites were identified from the hermaphrodite sample, 
24,467 methylation sites from the male sample, 23,283 methylation sites from female 
sample, and 27,318 methylation sites were identified from the MH sample (See Appendix: 
Table S4. 2). The male to hermaphrodite sex reversed sample showed higher methylation 
than the remaining three samples. 
The genome-wide methylation pattern showed the overall similarity among 
different sexes at the chromosomal scale (Figure 4.2). However, visually distinct 
differences were observed at a few loci (some of these large scale methylation differences 
among the sex types are indicated by green arrow in Figure 4.2). Analysis of sex specific 
methylation in 1kb (kilobase) sliding windows of the papaya draft genome identified a total 
of 1,555 methylation sites specific to hermaphrodite, 1,399 methylation sites specific to 
male, 1,142 methylation sites specific to female, and 4,283 methylation sites specific MH 
samples (See Appendix: Figure S4.1, Table S4. 2). The sex specific methylation sites were 
evenly distributed across the entire length of all nine chromosomes (See Appendix: Figure 
S4.1a).   
The MACS-identified methylated peaks on the genome were uploaded to the 
phytozome genome browser in order to visualize the methylation status in context of genic 
and intergenic regions of the papaya genome. As expected, most of the genic regions 
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identified by papaya gene models showed low methylation compared to the intergenic 
regions (Figure 4.3). Interestingly, the highly methylated regions of the genome showed 
homology with other plant proteins identified by BLASTX hits on phytozome (Figure 4.4). 
We randomly picked 20 genes that showed BLASTX (termed as BLASTX-gene here after) 
homology with methylated regions of the papaya genome and searched against the papaya 
draft genome and gene models to see if these loci had homologous sequences elsewhere in 
the genome (See Appendix: Table S4. 3). Of the 20 BLASTX-genes analyzed, 14 were unique 
and were not found in other places on the draft genome. Two of the 20 BLASTX-genes 
showed sequence similarity on multiple places on the draft genome, but not with the 
annotated gene models. Homologous papaya gene models were identified for four of the 20 
BLASTX-genes. Of the four BLASTX-genes showing homology with papaya gene models, 
three had multiple homologs, each with 2, 7, and 14 papaya gene models, while the 
remaining one showed homology with only one papaya gene.  
 
Methylation status of papaya sex chromosomes  
The methylation status of male specific Y (MSY), hermaphrodite specific Y (HSY), and the 
corresponding X chromosome region was analyzed using the MeDIP reads. The methylated 
sites on MSY and HSY were identified using male and hermaphrodite samples respectively. 
The methylation status of the X chromosome was analyzed in all sex types. A total of 850 
sites in hermaphrodite, 800 sites in male, 870 sites in MH, and 905 sites in female plants 
were found methylated on the X chromosome (Figure 4.5, See Appendix: Figure S4.2). 
Analysis of sex specific methylation sites using a 1kb sliding window of the X chromosome 
showed that the X chromosome is highly methylated on female plants. We identified 116 
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sites specific to the female samples, while only 42 sites were specific to the 
hermaphrodites, 30 sites specific to the males, and 17 sites were specific to MH. Mapping 
the female specific methylation sites on the X chromosome showed that female specific 
methylation was highly enriched on X specific coding genes, implying the inactivation of X 
specific genes in female papaya (Figure 4.5).  
We further analyzed the methylation status of annotated genes on the papaya X 
chromosome (Wang et al., 2012). Five of the 34 genes specific to the X chromosome were 
methylated in female but not in male, hermaphrodite, or MH samples. Only one gene 
showed MH specific methylation, while there was no hermaphrodite and male specific 
methylation on the X specific genes (See Appendix: Table S4. 4). However, the female 
specific methylation was not observed on 50 XY-paired genes. One XY-paired gene 
(CpXYh40) that was not methylated in female plants was partially methylated in the 
remaining three sex types (See Appendix: Table S4. 5). Together, these data suggest the 
active silencing of X specific genes in females, but not in males and hermaphrodites. 
Furthermore, silencing occurs only on the X specific genes but not on the paired genes with 
both functional X and Y copies.  
The sequence difference between HSY and MSY chromosomes makes it difficult for 
direct comparison of the methylation status of Y and Yh chromosomes. However, HSY and 
MSY shares the 98.8% sequence similarity (Yu et al., 2008). We utilized the high sequence 
similarity of HSY and MSY to make indirect comparisons of the methylation differences 
between HSY and MSY. A total of 1,404 and 1,298 methylation sites were detected on HSY 
and MSY using hermaphrodite and male libraries respectively (Figure 4.6a). We identified 
940 methylation sites common between HSY and MSY. Of the 464 HSY specific methylation 
 101 
sites, 206 identical but unmenthylated sites were found in MSY, while 258 of the 
methylation sites were only found in HSY specific sequences. Similarly, identical HSY 
sequences were found for 242 of the 358 MSY specific methylation sites while 116 were 
exclusively on MSY specific sequences. The HSY specific methylation sites on HSY specific 
sequences were clustered together on a few specific locations of the chromosome. Two 
major blocks with high density of HSY specific methylation were identified between 
366,513 to 701,764 (341kb with 22 peaks) and 2,206,469 to 2,481,731 (275kb with 34 
peaks) on HSY. The MSY specific sites were evenly distributed throughout the chromosome 
(Figure 4.6a). 
The male to hermaphrodite sex reversed sample shows higher methylation of MSY 
compared to male. We identified 1,604 MSY methylation sites in MH plants in comparison 
to only 1,298 sites in male plants. Of these, 1,220 methylation sites were common to both 
male and MH samples while 78 sites were only methylated in male and 316 sites were only 
methylated in MH samples. Mapping the male and MH specific methylation sites on MSY 
shows the even distribution of both male and MH specific sites throughout the 
chromosome (Figure 4.6b).  
 
Discussions 
Analyzing the methylation patterns of the papaya X chromosome provides the first 
evidence for the active silencing of X specific genes in female plants. Epigenetic silencing of 
one of the X chromosomes in the somatic cell of mammals is well studied (Lyon, 1961, 
1962; Mohandas et al., 1981; Heard et al., 1997). However, no direct evidence for X 
chromosome inactivation in plants has been reported to date. A cytological study on the 
 102 
dioecious species Silene latifolia shows the hypermethylation of one of the X chromosomes 
in the somatic cells of a female plant (Vyskot et al., 1993; Siroky et al., 1998). However, X 
chromosome silencing in this species remains ambiguous due to the lack of evidence at the 
DNA sequence level (Negrutiu et al., 2001). We analyzed the methylation of X 
chromosomes and the X specific genes expressed in the flowers of three papaya sex types. 
Our results provide direct evidence for X chromosome silencing in female plants: 1) the 
number of female specific methylation sites are about three times higher than that of other 
sex types, 2) most of the female specific methylation sites are clustered around the coding 
region of the X chromosome, 3) approximately 15 % of the X specific genes were 
methylated in females but not in other sex types, while none of the paired genes showed 
female specific silencing.  
The papaya X chromosome contains 84 protein coding genes, including 34 genes 
specific to the X chromosome and 50 XY paired genes (Wang et al., 2012). Of the 34 genes 
specific to the X chromosome, 5 genes were methylated only in female plants. However, 
none of the XY paired genes showed female specific methylation. Thirteen (38%) of the 34 
genes were methylated in all sex types while only 10 (20%) of the 50 XY paired genes were 
methylated in all sex types. Most of the mammalian X linked genes are expressed only from 
spermatic cell and silenced in somatic cells (Wang et al., 2001). The higher percentage of 
methylated X specific genes in all papaya sex types suggests that these genes are inactive in 
leaf tissue we used for MdDIP sequencing. Sixteen (47%) of the 34 genes specific to the X 
chromosome were not methylated in all sex types. More than 15% of the mammalian X 
linked genes escape silencing in females (Brown and Greally, 2003; Carrel and Willard, 
2005). In mice, the X linked genes showed sex biased expression, evading the meiotic 
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silencing (Khil et al., 2004). The 47% of the non-methylated papaya X specific genes may 
have escaped the silencing mechanism or have yet to acquire silencing due to the recent 
evolution of the sex chromosomes in papaya.  
Comparing the methylation sites on HSY and MSY shows higher methylation of HSY 
than MSY. The papaya HSY is about 130kb larger than MSY.  The expansion of HSY could 
have been caused by recent insertions of transposable elements on HSY. Normally, such 
insertion elements are silenced in the genome. The HSY specific methylations of HSY 
specific sequence showed clustered distribution in some particular locations of the 
chromosome while the MSY specific methylations are evenly distributed on the 
chromosome, implying that HSY has accumulated more of such transposable elements after 
it diverged from MSY. Two major blocks of HSY specific methylation sited on HSY specific 
sequences were identified, suggesting that these loci are hotspots for the insertion of 
mobile elements (Figure 4.6a). Higher accumulation of transposable elements were 
observed in inbreeding species compared to the outbreeding species of the genus 
Arabidopsis and Lycopersicon (Young et al., 1994; Wright et al., 2001). The higher HSY 
specific methylation observed in papaya may be due to the higher activity of transposable 
elements in self-fertilizing hermaphrodite lines.  
We have induced the sex reversal between male and hermaphrodite papaya by 
altering the environmental temperature (Figure 4.1). Thus induced sex reversal is transient 
and reverts back to the original phenotype on providing standard growth temperature, 
indicating the epigenetic nature of such reversal. We have profiled the differential genome 
methylation on male and male to hermaphrodite sex reversed plants providing the 
candidate regions for further analysis. We identified 78 sites on the MSY that were only 
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methylated in male plants and 316 sites that were only methylated on MH plants (Figure 
4.6b). The higher number of MH specific methylation may be due to the cold stress applied 
to induce sex reversal. The 78 male specific methylation sites that are demethylated in the 
sex reversed plants compared to the normal males are of particular interest. Similar 
epigenetic sex reversal has been observed due to loss of DNA methylation in the dioecious 
plant Silene latifolia and the monoecious maize, producing hermaphrodite flowers on the 
male inflorescence (Janousek et al., 1996; Parkinson et al., 2007). 
 The methylation patterns in the papaya genome are different in the genic and 
intergenic regions (Figure 4.3). High density methylated peaks in the intergenic regions 
were observed in all 4 samples, alternating with low or no methylated genic regions. 
Interestingly, we observed the highly methylated regions in the papaya genome showing 
the sequence homology with the genes from other plant species (Figure 4.4). In 
Arabidopsis, 3,811 highly methylated regions showing sequence homology with protein 
database are annotated as pseudogenes (Zhang et al., 2006). We initially hypothesized that 
the methylated regions showing the sequence similarity with protein database should have 
homologous regions elsewhere in the papaya genome. However, only six of the 20 
randomly selected loci analyzed showed sequence homology on other places of the papaya 
draft genome. Four of the six loci showed homology with multiple places, suggesting that 
these loci are actively duplicated in the genome. Fourteen of the 20 loci did not show any 
homology elsewhere in the papaya draft genome, suggesting that most of these putative 
pseudogenes are more likely evolutionary relics of the ancestral lineage than degenerated 
forms of recently duplicated genes. 
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Genome-wide methylation analysis shows overall similarity among the three sex 
types. Approximately 24,000 genome-wide methylation sites were identified from each of 
the three sex types and 27,318 from MH plants.  Using a 1kb sliding window, we identified 
approximately 1,300 methylation peaks specific to each of three sexes and 4,283 specific to 
the MH plants. The higher methylation in MH plants may be because of the cold stress 
applied to induce sex reversal. The comparable number of identified peaks among the three 
sex types and relatively small number of specific peaks in each sex type provide a highly 
reliable methylation map of the papaya genome. In Populus trichocarpa, the DNA 
methylation is highly variable in different tissue types (Vining et al., 2012). We used the 
leaf tissue from all samples to prepare the MeDIP-seq library. The observed variation 
among the different sex types, may be responsible for sex related phenotypes or 
consequences of the sex differences.  
 
Methods 
Greenhouse experiment 
A total of 200 seeds from each cultivar, Dioecious (‘AU9’) and gynodioecious (‘SunUP’) 
were planted in the greenhouse. The temperature in the greenhouse was maintained at 
320C and 280C day and night, as these are the standard temperature for papaya growth. 
The greenhouse experiment was conducted from August 2011 to July 2012. An artificial 
source of light was provided for 12hr of each light dark cycle throughout the experiment. In 
addition to the artificial light, the plants also received the natural light through the roof of 
the greenhouse. After germination, the sex of the seedlings were determined using sex 
specific molecular markers (Deputy et al., 2002). A total of 35 seedlings for each male and 
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hermaphrodite and 30 for female plants were maintained in standard temperature until 
flowering. After the onset of flower buds (about three months after germination) the room 
containing 15 male, 15 hermaphrodite, and 10 female plants were subjected to cold 
treatment of 20 0C and 12 0C degree at day and night, respectively (Allan et al., 1987). The 
remaining 20 plants of each sex type was maintained in the room with standard 
temperature settings as control.  
 
MeDIP library construction and sequencing 
Genomic DNA was isolated from leaf tissue of the male, female, hermaphrodite, and the 
male to hermaphrodite sex reversed plants. The high quality genomic DNA was sheared 
using Diagenode’s Bioruptor sonicator to obtain 100-150bp DNA fragments. The 
fragmented DNA was end repaired, dA tailed and ligated with non-methylated Illumina 
adapters from New England Biolabs (Catalog # E7335S). The adapter-ligated fragments 
were denatured at 950C for 10 minutes and cooled immediately on ice to prevent re-
annealing. The denatured library was immunoprecipitated using anti methylcytosine 
antibody (Eurogentec catalog # BI-MECY-0100), rabid anti-mouse IgG (Jackson Immuno 
research catalog # 315-005-008) and Protein A/G beads (Pierce catalog # 20421). The 
immunoprecipitated library was washed six times with phosphate buffer and finally eluted 
by using proteinase K (Life Tech catalog # 25530015). The final immunoprecipitated 
library was sequenced using Illumina sequencing by synthesis using the Hiseq 2000 
platform.   
 
Processing MeDIP-seq reads and identification of methylated peaks 
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The Illumina MdDIP-seq reads were filtered to remove homopolymers and low quality 
reads. After adapter trimming high quality reads were aligned to the papaya draft genome 
using Novoalign short read aligner.  The methylated peaks were identified from the aligned 
reads using Model-based Analysis of Chip-seq (MACS) (Zhang et al., 2008). In brief, the 
MACS algorithm builds a model for the peak calling by looking at the read aligned at the 
same position on both Watson and Crick strands of the genome. The shift size in the MACS 
(the shift size allows designed to call the peaks on protein-DNA chip-seq was set to zero to 
allow the program build the model from MeDIP-seq peaks arising at the same position on 
both Watson and Crick strand.  
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Figures 
 
 
 
 
 
 
 
 
Figure 4.1: Environmentally induced epigenetic sex reversal in papaya. Top panel- normal 
flowers of three papaya sex types. Bottom panel- sex reversed phenotypes. The hermaphrodite 
flower among the cluster of male flowers on the male plant is highlighted by an oval.   
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Figure 4.2:  Distribution of methylated sites in nine papaya chromosomes. The methylated 
peaks identified from 4 MeDIP-seq libraries were mapped to the papaya chromosomes. Each 
vertical bar represents a position of an identified peak. The height of each bar represents fold 
enrichment (on a scale of 1 to 40) above the baseline, calculated by MACS. The green arrow points 
to the visually distinct methylation difference on the map. The horizontal scale below each 
chromosome shows the length of the chromosome in base pairs. 
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Figure 4.3: Segment of papaya supercontig_0 showing the alignment of MeDIP-seq reads and 
methylated peaks as seen on phytozome genome browser. The MeDIP-seq reads aligned to the 
papaya draft genome (represented by the black columns) and the predicted peaks (represented by 
the diamond shapes) from each of three sexes and male to hermaphrodite sex reversed epimutant 
were uploaded to the phytozome genome browser.  Herma = hermaphrodite and mh = male to 
hermaphrodite sex reversed epimutant. The green diamonds at the bottom represent annotated 
papaya genes.   
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Figure 4.4: Segment of papaya supercontig_0 showing the BLASTX predicted homologous 
genes corresponding to highly methylated regions of papaya genome. The green bar labeled 
transcripts represent the annotated papaya genes and the orange gene structure represents 
BLASTX identified genes from other plant species. Upper panel shows a 300kb segment of 
supercontig_0. Lower panel shows the zoomed view of a 50kb stretch of the upper panel. The 
purple diamond shows predicted methylation peaks.  
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Figure 4.5: Distribution of methylation sites on papaya X chromosomes. The horizontal bar 
represents the X chromosome. Top two panels show the distribution of methylated sites on X 
chromosomes. The bottom panel shows the distribution of annotated genes on the X chromosome. 
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Figure 4.6: Distribution of methylation sites on papaya Y-chromosomes A) Comparison of 
methylation status on HSY and MSY. In the upper panel, red = total methylation sites found on HSY, 
blue = HSY specific peaks on HSY specific sequences, and purple = sites with the sequence present 
in both HSY and MSY but methylated only on HSY.  In the lower panel, blue = total methylation sites 
found on MSY, green = MSY specific methylation on MSY specific sequence, purple = sites with the 
sequence present in both HSY and MSY but methylated only on MSY.  B) Comparison of MSY 
methylation in male and MH samples. 
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Concluding Remarks 
 
It is now well established that the DNA sequence alone cannot account for the phenotype 
variation observed in an organism.  Various epigenetic phenomena add to the proper 
functioning of the genome.  Plant epigenetics has gained an unprecedented interest in the 
past few decades; however, the epigenetic study of dioecious plants with reference to sex 
expression and sex chromosomes is lacking. This study provides the first detailed 
epigenetic analysis on a trioecious plant, papaya. 
This dissertation study has contributed to the understanding of the various aspects 
of plant sRNA biogenesis and functions. We observed the higher accumulation of purine-
rich strands in the cellular sRNA population of papaya and other plants. The observed 
purine/pyrimidine asymmetry suggests the active selection of purine-rich strands in the 
cell, which may be the mechanism for the selection of the effector strand from the sRNA 
duplex. Our results showed the high abundance of single copy sequences in the sRNA 
dataset of the six plant species analyzed. Only a small portion of the sequences were 
represented by multiple copies. The single copy reads were mapped to the overlapping 
regions on the genome suggesting that these single copy sRNAs are the product of 
imprecise processing from the same precursor molecule. This result suggests the following 
possible scenarios in sRNA processing: 1) most of the sRNAs are products of imprecise 
processing and do not require sequence specific signals for the dicer cleavage, 2) those 
sRNAs, which are produced in multiple copies should contain signals to guide the dicer to a 
specific position on the precursor, 3) the sRNAs that are produced in multiple copies are 
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more likely to function on post-transcriptional level and would have coevolved with their 
targets.  
We have identified a total of 81 miRNAs in papaya, of which 53 were not reported in 
other plant species. Functional analysis of these papaya specific miRNAs may provide more 
insight about their role in papaya biology. We observed the accumulation of miRNA* 
sequences of some miRNAs in papaya ringspot virus (PRSV) infected leaves. This result 
implies that miRNA* are not functionally redundant molecules as was thought. This finding 
expands the horizon of future miRNA research. 
Genome wide methylation analysis has identified differentially methylated sites 
among the papaya sex types. Further analysis of these sex specific methylation sites will 
help to understand the epigenetic pathways that lead to sex differentiation and 
consequences of sex types. Analyzing the methylation status of the papaya sex 
chromosomes provided the molecular evidence for X chromosome silencing in female 
papaya. We observed the X chromosome methylation in female plants silencing the X 
specific genes. This result is novel for the following two reasons: 1) the X chromosome 
silencing, commonly seen in mammals, is present in plants, and 2) silencing of X 
chromosome occurs early in the evolutionary history of sex chromosomes. 
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APPENDIX 
 
 
 
Table S2.1: Deep sequencing reads and mapping to the draft genome 
Libraries Total reads Unique reads 
Reads 
mapped 
Percent 
unique reads 
Percent unique 
reads mapped 
 
Sunup Female 
flower 
4657833 2200544 1210682 47.24% 55.02% 
Sunup leaves 4664779 2033600 1175392 43.59% 57.80% 
AU9 male 
leaves infected 
with PRSV 
4505266 1288216 700258 28.59% 54.36% 
 
 
 
 
Table S2.2: Annotated micro RNAs in papaya 
MiR-ID Chromosome Strand Position Sequence 
Conserved micro RNAs 
CpmiR156/157a.1 Supercontig_127 + 309675..309694 
TGACAGAAGAGAGTGAGCAC 
CpmiR156/157a.2 Supercontig_46 - 1383706..1383725 
CpmiR156/157a.3 Supercontig_7 + 1524402..1524421 
CpmiR156/157a.4 Supercontig_28 - 1941022..1941041 
CpmiR156/157b.1 Supercontig_170 - 116193..116213 
TTGACAGAAGATAGAGAGCAC 
CpmiR156/157b.2 Supercontig_3 - 3349141..3349161 
CpmiR159a Supercontig_3 - 3080399..3080419 TTTGGATTGAAGGGAGCTCTA 
CpmiR159b Supercontig_184 - 39569..39588 CTTGGATTGAAGGGAGCTCC 
CpmiR159/319 Supercontig_3 - 3671488..3671507 ATTGGACTGAAGGGAGCTCC 
CpmiR160a.1 Supercontig_102 - 191064..191084 
TGCCTGGCTCCCTGTATGCCA CpmiR160a.2 Supercontig_192 + 167563..167583 
CpmiR160a.3 Supercontig_53 + 453378..453398 
CpmiR160a.3* Supercontig_53 + 453438..453458 GCGTATGAGGAGCCATGCATA 
CpmiR160b Supercontig_27 + 1977935..1977955 TGCCTGGCTCCCTGAATGCCA 
CpmiR164.1 Supercontig_327 + 43491..43511 
TGGAGAAGCAGGGCACGTGCA CpmiR164.2 Supercontig_33 + 1001041..1001061 
CpmiR164.3 Supercontig_9 + 1693099..1693119 
CpmiR165/166a.1 Supercontig_144 - 273294..273314 
TCGGACCAGGCTTCATTCCCC CpmiR165/166a.2 Supercontig_52 - 1394502..1394522 
CpmiR165/166a.3 Supercontig_58 - 558843..558863 
CpmiR165/166b Supercontig_113 - 681120..681140 TCGGACCAGGCTTCATTCCCG 
CpmiR166b* Supercontig_1181 + 12910..12930 GGAATGTTGGCTGGCTCGAGG 
CpmiR165/166c Supercontig_1181 + 12979..12997 GGACCAGGCTTCATTCCCC 
CpmiR166c* Supercontig_1181 + 12910..12930 GGAATGTTGTTTGGCTCGAGG 
CpmiR167a.1 Supercontig_52 + 1081983..1082003 
TGAAGCTGCCAGCATGATCTA 
CpmiR167a.2 Supercontig_52 + 1083715..1083735 
CpmiR167b Supercontig_44 + 1619889..1619909 TGAAGCTGCCAGCATGATCTT 
CpmiR167c Supercontig_117 + 862509..862530 TGAAGCTGCCAGCATGATCTGA 
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Table S2.2 (cont.) 
MiR-ID Chromosome Strand Position Sequence 
CpmiR167* Supercontig_117 + 862566..862586 ATAGATCATGTGGCAGTTTCA 
CpmiR169 Supercontig_119 - 60077..60096 CAGCCAAGAATGACTTGCCG 
CpmiR169 Supercontig_119 - 60077..60096 CAGCCAAGAATGACTTGCCG 
CpmiR170/171.1 Supercontig_13 - 901151..901171 
TGATTGAGCCGTGCCAATATC 
CpmiR170/171.2 Supercontig_152 - 127577..127597 
CpmiR170/171.3 Supercontig_70 - 1070974..1070994 
CpmiR170/171.4 Supercontig_87 - 527118..527138 
CpmiR172.1 Supercontig_1 + 5257276..5257296 GGGAATCTTGATGATGCTGCA 
CpmiR172.2 Supercontig_81 - 529998..530018  
CpmiR390.1 Supercontig_2 - 4098237..4098257 AAGCTCAGGAGGGATAGCGCC 
CpmiR390.2 Supercontig_5 + 1983246..1983266  
CpmiR390* Supercontig_5 + 1983298..1983318 CGCTATCCATCCTGAGTTTCA 
CpmiR393 Supercontig_19 - 1807096..1807117 TCCAAAGGGATCGCATTGATCC 
CpmiR393* Supercontig_19 - 1806995..1807015 ATCATGCTATCCCTTTGGATT 
CpmiR394.1 Supercontig_2 + 17563..17582 
TTGGCATTCTGTCCACCTCC 
CpmiR394.2 Supercontig_26 - 1711075..1711094 
CpmiR395.1 Supercontig_183 + 235122..235141 
TGAAGTGTTTGGGGGAACTC 
CpmiR395.2 Supercontig_183 + 234918..234937 
CpmiR395.3 Supercontig_183 - 234092..234111 
CpmiR395.4 Supercontig_183 - 228239..228258 
CpmiR395.5 Supercontig_42 + 185685..185704 
CpmiR396 Supercontig_46 - 319993..320013 TTCCACAGCTTTCTTGAACTG 
CpmiR396* Supercontig_46 - 319932..319952 GTTCAATAAAGCTGTGGGAAG 
CpmiR408 Supercontig_812 - 11466..11486 CTGCACTGCCTCTTCCCTGGC 
CpmiR408* Supercontig_812 - 11530..11550 CTGGGAAGAGGCAGAGCATGG 
CpmiR535 Supercontig_8 + 330780..330800 TGACAACGAGAGAGAGCACGC 
Papaya specific micro RNAS 
CpmiR-novel_01 Supercontig_137 + 582914..582934 TGAGAATTATGCGGAGGATGT 
CpmiR-novel_02 Supercontig_34 + 1612674..1612694 GGGACGACATGAGATCACACG 
CpmiR-novel_03 Supercontig_42 + 51086..51104 AGGATTTTGCAGGGTTGAT 
CpmiR-novel_04 Supercontig_282 - 4057..4077 ATTGGAGGACTTTGGGGGAGC 
CpmiR-novel_05 Supercontig_24 - 2325224..2325244 TAAAGTGGAATTGGGATAATA 
CpmiR-novel_06 Supercontig_67 - 294023..294043 TTCGCCAGCCATTCACAAAAT 
CpmiR-novel_06* Supercontig_67 - 293979..293999 TGTGTGAATGGCTTGCGAAAG 
CpmiR-novel_07 Supercontig_80 - 269341..269362 TAAAGATGGTAACAAAGGATAA 
CpmiR-novel_08.1 Supercontig_4264 - 5027..5050 
TCCTGGCTGAGGACGGGTGTTGAA 
CpmiR-novel_08.2 Supercontig_8 + 2704525..2704548 
CpmiR-novel_08.3 Supercontig_153 - 218974..218997 
CpmiR-novel_08.4 Supercontig_2546 - 7370..7393 
CpmiR-novel_08.5 Supercontig_54 - 1440499..1440522 
CpmiR-novel_09a contig_31148 + 885..905 CGAAAGTAGTGCAATGATGGG 
CpmiR-novel_09b Supercontig_4823 + 1038..1058 CGAAAGTAGTACTAGGATGGG 
CpmiR-novel_10 contig_27314 - 10027..10046 GGTAGTTCGACCGTGAAATT 
CpmiR-novel_11 supercontig_30 + 712923..712943 CTTTTCAAGACTTCAGCTTCA 
CpmiR-novel_12 contig_38619 - 1971..1990 TGGATACTAGTAGGCTGGTT 
CpmiR-novel_13 Supercontig_838 - 877..900 TGAGGTAAGTAGACAGTAAAGGTT 
CpmiR-novel_14 Supercontig_1165 + 17175..17198 GAGAGATGGTGGACAGATCAGGTA 
CpmiR-novel_15 contig_35798 + 235..255 TGGGATTCGGTGCATTAGTGG 
CpmiR-novel_16 contig_39338 + 1880..1903 AGGAATGAACTAGCTAGCAGCGTA 
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Table S2.2 (cont.) 
MiR-ID Chromosome Strand Position Sequence 
CpmiR-novel_17 Supercontig_596 + 16112..16135 AACAGTAGAACGAGTTAGAAAGGA 
CpmiR-novel_18 Supercontig_1871 - 9345..9368 ATAAACAGATAGAATGACAGCCTT 
CpmiR-novel_19 Supercontig_6 - 2864462..2864485 AGGAAGACGGTGAGTAGAAGCCAA 
CpmiR-novel_20 Supercontig_242 - 16145..16168 ACTGATACTTGATGAATTTGCATG 
CpmiR-novel_21 Supercontig_124 + 5262..5284 AAGAAGACATGTGGCATGTGCAT 
CpmiR-novel_22 Supercontig_427 - 17752..17775 TGACTGGGTCTGCTGACGTGGCAT 
CpmiR-novel_23 Supercontig_843 + 24524..24547 AGCGAAGGGGACGCCTGAAGACTC 
CpmiR-novel_24 Supercontig_34 + 579294..579311 ATAGTTTGTTTGATGGTA 
CpmiR-novel_25 Supercontig_34 + 579293..579310 TATAGTTTGTTTGATGGT 
CpmiR-novel_26 Supercontig_167 + 202896..202919 AAAACCTGAGTCAGATGATGAGCG 
CpmiR-novel_27 Supercontig_3559 + 5241..5260 TGGATACCAGTAGACAGATA 
CpmiR-novel_28 Supercontig_4 + 896938..896958 TTGGACTGCTAGGTGGCCCAT 
CpmiR-novel_29.1 Supercontig_1287 - 14795..14815 
GGGTCGGCGTTGGCATCCTGC 
CpmiR-novel_29.2 Supercontig_5 + 792517..792537 
CpmiR-novel_30 Supercontig_4159 + 6718..6741 AGAAGATTGCGAGTAGATACTAGA 
CpmiR-novel_31 Supercontig_6 - 1815797..1815820 TGCACTGTAGAGCCGTATTCGGAC 
CpmiR-novel_32 Supercontig_14 - 603957..603977 GTGCCGTCGCACTGTGACAAG 
CpmiR-novel_33 Supercontig_609 - 25620..25641 CAGAGGAGGAGATGAAGAGGGA 
CpmiR-novel_34 supercontig_13 + 267322..267342 TAACCTGGCTCTGATACCA 
CpmiR-novel_35 Supercontig_15 + 526650..526670 GATCTAAAAAGAGGGGCGTTG 
 
 
 
 
 
Table S2.3: Number of miRNAs reported in miRBase from 9 model 
plant species 
Species  Number of miRNAs 
Papaya  59 (this study) 
Grape 186 
Poplar 237 
Medicago 674 
Arabidopsis thaliana 328 
A. lyrata 375 
Soybean 395 
Rice 661 
Maize 321 
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Table S2.4: List of stem loop primers and forward primers used to validate the predicted 
miRNAs. Upper case letters are specific to the micro RNA while the lower case letters are stem loop 
structures for the stem-loop primer and added to adjust the melting temperature for forward 
primers. 
miRNA Sequence Forward primer Stem-loop primer 
miR156/157 TGACAGAAGAGAGTGAGCAC aggcggTGACAGAAGAGAGT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGTGCTC 
miR156/157b TTGACAGAAGATAGAGAGCAC cccgccgTTGACAGAAGATAG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGTGCTCT 
miR159 TTGACAGAAGATAGAGAGCAC gcgcggTTGACAGAAGATAGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGTGCTC 
miR159/319 ATTGGACTGAAGGGAGCTCC tgccgATTGGACTGAAGGG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGGAGCT 
miR160 TGCCTGGCTCCCTGTATGCCA cTGCCTGGCTCCCTGT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTGGCAT 
miR160* GCGTGCGAGGAGCCAAGCATG ctcgtGCGAGGAGCCA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCATGCT 
miR164 TGGAGAAGCAGGGCACGTGCA ccTGGAGAAGCAGGGCA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTGCACG 
miR165/166 TCGGACCAGGCTTCATTCCCC ggTCGGACCAGGCTTCA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGGGGAA 
miR166* GGAATGTTGTTTGGCTCGAGG ccgcGGAATGTTGTTTGGC gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCCTCGA 
miR167 TGAAGCTGCCAGCATGATCTA tcgTGAAGCTGCCAGCAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTAGATC 
cpa-MIR167* ATAGATCATGTGGCAGTTTCA gcgATAGATCATGTGGCA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTGAAAC 
miR169 CAGCCAAGAATGACTTGCCG gcggCAGCCAAGAATGAC gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCGGCAA 
miR170/171 TGATTGAGCCGTGCCAATATC gcTGATTGAGCCGTGCC gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGATATT 
miR172 GGGAATCTTGATGATGCTGCA gcgcGGGAATCTTGATGAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTGCAGC 
miR390 AAGCTCAGGAGGGATAGCGCC ggcAAGCTCAGGAGGGAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGGCGCT 
miR390* CGCTATCCATCCTGAGTTTCA cgcCGCTATCCATCCTGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTGAAAC 
miR393 TCCAAAGGGATCGCATTGATCC ccgTCCAAAGGGATCGCAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGGTAGA 
miR393* ATCATGCTATCCCTTTGGATT cgcggATCATGCTATCCCTT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacAATCCA 
miR394 TTGGCATTCTGTCCACCTCC aggggTTGGCATTCTGTCC gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGGAGGT 
miR395 TGAAGTGTTTGGGGGAACTC tcccgTGAAGTGTTTGGGG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGAGTTC 
miR396 TTCCACAGCTTTCTTGAACTG tggcgTTCCACAGCTTTCTT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCAGTTC 
miR396* GTTCAATAAAGCTGTGGGAAG agcgcgGTTCAATAAAGCTGT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCTTCCC 
miR408 CTGCACTGCCTCTTCCCTGGC aggCTGCACTGCCTCTTC gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGCCAGG 
miR408* CTGGGAAGAGGCAGAGCATGG ggCTGGGAAGAGGCAGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCCATGC 
miR535 TGACAACGAGAGAGAGCACGC gtgcgTGACAACGAGAGAGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGCGTGC 
CpmiR-auto.01 TGAGAATTATGCGGAGGATGT cccgcTGAGAATTATGCGGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacACATCC 
CpmiR-auto.02 GGGACGACATGAGATCACACG gccGGGACGACATGAGAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCGTGTC 
CpmiR-auto.03 AGGATTTTGCAGGGTTGAT cgccgAGGATTTTGCAGG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacATCAAC 
CpmiR-auto.04 ATTGGAGGACTTTGGGGGAGC tggcgATTGGAGGACTTTGG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGCTCCC 
CpmiR-auto.05 TAAAGTGGAATTGGGATAATA aggccgTAAAGTGGAATTGGG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTATTAT 
CpmiR-auto.06 TTCGCCAGCCATTCACAAAAT accTTCGCCAGCCATTCA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacATTTTC 
CpmiR-auto.06* TGTGTGAATGGCTTGCGAAAG cgccTGTGTGAATGGCTTG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCTTTCG 
CpmiR-auto.07 TAAAGATGGTAACAAAGGATAA tgccgcgTAAAGATGGTAACAAA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTTATCC 
CpmiR-auto.08 TCCTGGCTGAGGACGGGTGTTGAA CTGGCTGAGGACGGGT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTTCAAC 
CpmiR-auto.09a CGAAAGTAGTGCAATGATGGG tggccCGAAAGTAGTGCAAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCCCATC 
CpmiR-auto.09b CGAAAGTAGTACTAGGATGGG ccgcggCGAAAGTAGTACTAG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCCCATC 
CpmiR-auto.10 GGTAGTTCGACCGTGAAATT cgcGGTAGTTCGACCGT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacAATTTC 
CpmiR-auto.11 CTTTTCAAGACTTCAGCTTCA ccgggcCTTTTCAAGACTTCA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTCAAGC 
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Table S2.4 (cont.) 
miRNA Sequence Forward primer Stem-loop primer 
CpmiR-auto.12 TGGATACTAGTAGGCTGGTT aggcccgTGGATACTAGTAGG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacAACCAG 
CpmiR-auto.13 TGAGGTAAGTAGACAGTAAAGGTT ggcggTGAGGTAAGTAGACAGTA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacAAGGTT 
CpmiR-auto.14 GAGAGATGGTGGACAGATCAGGTA ccgGAGAGATGGTGGACAGAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTACCTG 
CpmiR-auto.15 TGGGATTCGGTGCATTAGTGG cccTGGGATTCGGTGCAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCCACTA 
CpmiR-auto.16 AGGAATGAACTAGCTAGCAGCGTA ccgcAGGAATGAACTAGCTAGC gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTACGCT 
CpmiR-auto.17 ATAAACAGATAGAATGACAGCCTT gcgcgggATAAACAGATAGAATGAC gtcgtatccagtgcagggtccgaggtattcgcactggatacgacAAGGCT 
CpmiR-auto.18 AGGAAGACGGTGAGTAGAAGCCAA cgcAGGAAGACGGTGAGTAGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTTGGCT 
CpmiR-auto.19 ACTGATACTTGATGAATTTGCATG ccggccACTGATACTTGATGAATT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCATGCA 
CpmiR-auto.20 AAGAAGACATGTGGCATGTGCAT tggcAAGAAGACATGTGGCAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacATGCAC 
CpmiR-auto.21 TGACTGGGTCTGCTGACGTGGCAT tTGACTGGGTCTGCTGACG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacATGCCA 
CpmiR-auto.22 AGCGAAGGGGACGCCTGAAGACTC CGAAGGGGACGCCTGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGAGTCT 
CpmiR-auto.23 ATAGTTTGTTTGATGGTA cgcgcgcgATAGTTTGTTTG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTACCAT 
CpmiR-auto.24 TATAGTTTGTTTGATGGT tgcgcccgcTATAGTTTGTTT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacACCATC 
CpmiR-auto.25 AAAACCTGAGTCAGATGATGAGCG gccgAAAACCTGAGTCAGATGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCGCTCA 
CpmiR-auto.26 TGGATACCAGTAGACAGATA tgcccgTGGATACCAGTAGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTATCTG 
CpmiR-auto.27 ATATTCAAATGAGAACTTT gcgcgccgATATTCAAATGAG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacAAACTT 
CpmiR-auto.28 TTGGACTGCTAGGTGGCCCAT accgTTGGACTGCTAGGTG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacATGGGC 
CpmiR-auto.29 GGGTCGGCGTTGGCATCCTGC cggcaaGGTCGGCGTTGGCA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGCAGGA 
CpmiR-auto.30 AGAAGATTGCGAGTAGATACTAGA agggcAGAAGATTGCGAGTAGAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTCTAGT 
CpmiR-auto.31 TGCACTGTAGAGCCGTATTCGGAC cgtTGCACTGTAGAGCCGTAT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacGTCCGA 
CpmiR-auto.32 GTGCCGTCGCACTGTGACAAG aGTGCCGTCGCACTGT gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCTTGTC 
CpmiR-auto.33 CAGAGGAGGAGATGAAGAGGGA acgcCAGAGGAGGAGATGAA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacTCCCTC 
CpmiR-auto.34 TTAGAGGACAGTGGAGTCAAG accggTTAGAGGACAGTGGA gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCTTGAC 
CpmiR-auto.35 GATCTAAAAAGAGGGGCGTTG aggcgcGATCTAAAAAGAGGG gtcgtatccagtgcagggtccgaggtattcgcactggatacgacCAACGC 
    
universal reverse primer 
 
gtgcagggtccgaggt 
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Figure S2.1: Comparison of 3 small RNA libraries. Leaf and flower shows more enriched in 24 nt 
sRNA while PRSV infected tissues are higher in 21nt sRNA.  
* from non normalized reads, † reads normalized to per million reads of respective library.   
 
 
 
 
 
 
Figure S2.2: qPCR curves used to test the expression of detected microRNAs. Picture shows an 
example of the amplification curves and melting peaks for two miRNAs and the no template 
controls. (Only two miRNAs are present here as an example to show the consistency of the method 
used) 
 
 
 
 
 
 
 
Figure S2.3: Schematic representation of mapped small RNA reads to the genome. The black 
line represents a segment of genome and the blue line represents individual reads aligned. 
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.  
 
Figure S2.4: Percentage of single copy reads in sRNA libraries from 6 plant species. The data 
for all 6 species were obtained from NCBI gene expression omnibus. The accession numbers for the 
data are given in the main text.   
 
 
Figure S2.5: Purine-Pyrimidine distribution on small RNA dataset of 6-plant species obtained 
from the GEO database of NCBI. On the Y-axis, the data point above zero line has a higher purine 
content while below zero has a higher pyrimidine content.  
A. Arabidopsis small RNA data showing the Purine-Pyrimidine distribution in different size classes.  
B. Purine-Pyrimidine distribution of the small RNA dataset (including all size classes) of 5 plant 
species. PTR (Populus trichorcarpa), MTR (Medicago truncatula), AHY (Arachis Hypogea), GMA 
(Glycine max), PVU (Phaseolous vulgaris).  
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Figure S2.6: Weblogo picture showing frequency of different nucleotide on miRNAs 
combined from 5 species. 
 
 
 
 
 
 
 
 
 
Figure S2.7: Size distribution of small RNA reads mapped to the PRSV genome. The purple box 
encloses the total reads from different libraries mapped to the genome.  
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Figure S2.8 (cont.) 
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Figure S2.8 (cont.) 
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Figure S2.8: Stem loop structure of all annotated micro RNAs from papaya. The structure was 
determined using the mfold web server (Zuker 2003) and the secondary structure with the lowest 
free energy was taken as the final sturcture.  
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Table S4.1: Summary of MeDIP sequencing reads in four papaya libraries 
Sample Total reads Unique reads Percent unique reads 
Hermaphrodite 39885954 32694379 82 
Male 28840729 24156479 82 
Female 33103406 26829244 81 
MH  35428835 27569845 79 
 
 
 
 
Table S4.2: Number of methylated sites identified in four samples 
Chromosomes 
Number of peaks 
Hermaphrodite Male Female MH 
 
Total Specific Total Specific Total Specific Total  Specific 
1 2128 174 2255 144 2092 93 2628 512 
2 2812 197 2905 174 2769 155 3310 569 
3 2649 167 2700 164 2620 196 2912 349 
4 2208 159 2315 135 2197 87 2672 479 
5 2654 195 2738 140 2554 94 2991 451 
6 2815 105 2900 181 2751 107 3163 481 
7 2520 168 2648 148 2471 103 2933 478 
8 2707 177 2783 137 2710 190 3153 464 
9 3147 213 3223 176 3119 120 3556 500 
Total 23640 1555 24467 1399 23283 1145 27318 4283 
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Table S4.3: Analysis of BLASTX homologs corresponding to the highly methylated region papaya genome. The BLASTX identified 
genes were randomly picked from 20 methylated regions of the two largest papaya supercontigs (supercontig_0 and supercontig_1) and 
the genes were aligned back to the papaya genome and gene models.  
Peak 
location 
BLASTX homologs Function  Papaya gene homolog Blast on genome Methylation 
Supercontig
0 
     
1440-1450 Orysa|chrSY.fgenesh.gene87_GX5858M Expressed protein - - 
 
1436-1439 AT4G23160.1 
cystine rich 
receptor-like kinase 
evm.model.supercontig_81.14 
 
No 
evm.model.supercontig_81.18 
 
No 
evm.model.supercontig_81.20 
 
No 
evm.model.supercontig_81.21 
 
No 
evm.model.supercontig_18.8 
 
No 
evm.model.supercontig_8.245 
 
No 
evm.model.supercontig_75.106 
 
No 
1634-1636 ATmG00860.1 
DNA/RNA 
polymerase 
superfamily 
- - 
 
1657-1661 
Orysa|chrSY.fgenesh.mRNA.34_GX18912
M 
Expressed protein - - 
 
1259-1270 
Orysa|chrSY.fgenesh.mRNA.12_GX15842
M 
Expressed protein - - 
 
3639-3643 Chlre|Cre10.g423050.t1.2_GX13449M - - - 
 
4273-4276 Chlre|g9883.t1_G10608M - - 
  
4570-4571 ATCG00350.1_GX28M 
Photosystem I 
PsaA/PsaB protein 
- 
Supercontig 
226, 
Supercontig 38, 
Supercontig 42 
Yes 
4590-4600 AT4G23940.1_GX17M 
FtsH extracellular 
protease family 
evm.model.supercontig_79.10  
evm.model.supercontig_79.12  
No 
4569-4570 ATCG00500.1 
Acetyl-coa 
carboxylase 
carblxyl transferase 
subunit beta 
- Supercontig 0 Yes 
5047-5049 Orysa|chrUn.fgenesh.mRNA.51_GX48524p Expressed protein - - 
 
Supercontig
1 
     
407-411 Chlre|Cre03.g186800.t2.1 na - -   
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Table S4.3 (cont.) 
Peak 
location 
BLASTX homologs Function  Papaya gene homolog Blast on genome Methylation 
505-506 AT5G52850.1_GX461m 
Pentatricopepdtide 
repeat 
evm.model.supercontig_107.129 
 
No 
evm.model.supercontig_27.13 
 
No 
evm.model.supercontig_18.113 
 
No 
evm.model.supercontig_51.100 
 
No 
evm.model.supercontig_13.264 
 
No 
evm.model.supercontig_191.5 
 
No 
evm.model.supercontig_33.160 
 
No 
evm.model.supercontig_3.62 
 
No 
evm.model.supercontig_32383.2 
 
No 
evm.model.supercontig_211.28 
 
No 
evm.model.supercontig_5.112 
 
No 
evm.model.supercontig_142.2 
 
No 
evm.model.supercontig_177.5 
 
No 
evm.model.supercontig_207.11 
 
No 
1180-1183 Chlre|g11663.t1_GX28421P na - - 
 
1245-1247 
Orysa|chrSY.fgenesh.mRNA.52_GX34719
M 
na - - 
 
1385-1390 Chlre|Cre05.g235400.t1.2_GX24403P na - - 
 
1811-1815 
Orysa|chrSy.fgenesh.mRNA.61_GX34716
M     
2470-2472 Chlre|g3812.t1_GX3301M na - - 
 
2479-2482 Chlre|g17727.t1_GX4646P na - - 
 
3130-3135 Orysa|chrSy.fgenesh.mRNA.7_GX10754M Expressed protein - - 
 
4411-4417 AT3G55200.1 
Cleavage and 
polyadenylation 
specificity factor 
evm.model.supercontig_1.324    No 
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Table S4.4: Methylation of X chromosome specific genes in hermaphrodite, male, female and 
male to hermaphrodite sex reversed plants  
Gene Location 
Methylation 
Hermaphrodite  Male Female MH 
CpX-1 1956491-1956845 No No No 
Yes 
(300bp upstream to 
200bp downstream of 
start codon) 
PYhCpXYh2 2069403-2069771 Yes Yes Yes Yes 
PYhCpXYh3 2075789-2076388 No No Yes * No 
CpX-4 2126840-2127133 No No No No 
PYhCpXYh5 2130601-2130861 No No No No 
CpX-6 2147996-2148417 Yes Yes Yes Yes 
PYhCpXYh7 2253158-2256004 No No No No 
CpX-8 2211076-2215322 Yes Yes Yes Yes 
CpX-9 2244132-2244739 Yes Yes Yes Yes 
CpX-10 2262298-2263261 No No No No 
CpX-11 2268577-2268783 Yes Yes Yes Yes 
CpX-12 2350923-2351178 No No Yes * No 
CpX-13 2355680-2357618 Yes Yes Yes Yes 
CpX-14 2365022-2365361 No No No No 
CpX-15 2371023-2371797 No No No No 
CpX-16 2420703-2420948 Yes Yes Yes Yes 
CpX-17 2514306-2514491 No No No No 
CpX-18 2590414-2590662 Yes Yes Yes Yes 
CpX-19 2541194-2541369 No No No No 
CpX-20 2735120-2735368 Yes Yes Yes Yes 
CpX-21 2759687-2760160 Yes Yes Yes Yes 
PYhCpXYh22 3385531-3405267 Yes Yes Yes Yes 
PYhCpXYh23 3472866-3473204 No No No No 
CpX-24 3649656-3649861 Yes Yes Yes Yes 
CpX-25 3798602-3798796 No No No No 
CpX-26 3857191-3857577 No No No No 
PYhCpXYh27 4142690-4142977 No No No No 
PYhCpXYh28 4338025-4345473 No No No No 
CpX-29 4473681-4474145 No No Yes * No 
PYhCpXYh30 4538884-4539567 No No No No 
PYhCpXYh31 4589994-4590606 No No No No 
CpX-32 4662883-4663052 No No Yes * No 
CpX-33 4734842-4735021 No No Yes * No 
CpX-34 4779883-4780197 Yes Yes Yes Yes 
* Gene methylated only in female  
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Table S4.5: Methylation status of XY pair genes in hermaphrodite, male, female and male to 
hermaphrodite sex reversed plants 
Gene Location 
Methylation 
Hermaphrodite Male Female MH 
CpXYh1 1998815-2003984 No No No No 
CpXYh2 2005806-2011423 No No No No 
CpXYh3 2048555-2091319 Yes Yes Yes Yes 
CpXYh4 2126840-2127133 No No No No 
CpXYh5 2276711-2279961 No No No No 
CpXYh6 2475725-2519414 Yes Yes Yes Yes 
CpXYh7 2669189-2669315 No No No No 
CpXYh8 2706649-2706765 No No No No 
CpXYh9 2789287-2790447 No No No No 
CpXYh10 3031986-3034259 No No No No 
CpXYh11 3496852-3499929 No No No No 
CpXYh12 3680336-3687131 No No No No 
CpXYh13 3895165-3898270 No No No No 
CpXYh14 3944355-3951169 No No No No 
CpXYh15 3980708-4007398 Yes Yes Yes Yes 
CpXYh16 4088049-4084564 No No No No 
CpXYh17 4116438-4116674 No No No No 
CpXYh18 4128569-4130480 No No No No 
CpXYh19 4174136-4174273 No No No No 
CpXYh20 4146119-4250774 Yes Yes Yes Yes 
CpXYh21 4328649-4328730 Yes Yes Yes Yes 
CpXYh22 4358274-4358682 No No No No 
CpXYh23 4379312-4382106 No No No No 
CpXYh24 4391073-4391144 No No No No 
CpXYh25 4401421-4402242 No No No No 
CpXYh26 4463262-4463381 No No No No 
CpXYh27 4558769-4558852 No No No No 
CpXYh28 4568858-4570141 No No No No 
CpXYh29 4646509-4646764 Yes Yes Yes Yes 
CpXYh30 4630395-4630702 Yes Yes Yes Yes 
CpXYh31 4739152-4739769 No No No Yes 
CpXYh32 4862486-4863745 No No No 
Yes 
(only first exon) 
CpXYh33 4896779-4896902 No No No No 
CpXYh34 4937591-4937668 No No No 
Yes 
(only first intron) 
CpXYh35 4947463-4947629 No No No No 
CpXYh36 4949432-4949974 No No No No 
CpXYh37 4993889-4993974 No No No No 
CpXYh38 5002961-5004061 No No No No 
CpXYh39 5021957-5022091 No No No No 
CpXYh40 5084491-5086415 No 
Yes 
(only first 
exon) 
Yes 
(only first 
exon) 
Yes 
(only first exon) 
CpXYh41 5088523-5088729 No No No No 
CpXYh42 5097417-5097777 No No No No 
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Table S4.5 (cont.) 
Gene Location 
Methylation 
Hermaphrodite Male Female MH 
CpXYh43 5108597-5125375 No No No No 
CpXYh44 5136883-5167385 Yes Yes Yes Yes 
CpXYh45 5178688-5221556 Yes Yes Yes Yes 
CpXYh46 5230810-5231307 Yes Yes Yes Yes 
CpXYh47 5318117-5318212 No No No No 
CpXYh49 5332193-5338695 No No No No 
CpXYh50 5346144-5346525 No No No No 
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B 
 
 
Figure S4.1: Distribution of sex specific peaks on nine papaya chromosomes. A) Map of nine 
papaya chromosomes showing the distribution of sex specific methylation sites. B) Number of sex 
specific methylation sites found on each papaya chromosomes.  
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Figure S4.2: Number of methylated sites on papaya X chromosomes in hermaphrodite, male 
and female and male to hermaphrodite sex reversed epimutant plants. The red portion on the 
top of each bar represents the number of peaks found only on that sex.  
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